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Parameters  which  affect  the  perception  of  clusters  of  line  elements  in 
dynamic,  computer-generated  displays  are  investigated.  Transitions  between 
perception  of  the  moving  cluster  as  a group  and  perception  of  the  motion  of 
the  individual  elements  of  the  cluster  are  studied  as  a function  of  display 
frame  rate,  subject  dark  adaptation,  image  contrast,  spatial  orientation— — 
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Block  20.  Abstract  (continued) 

and  various  positional  perturbations  of  elements  in  the  cluster^j  The  inter- 
action of  these  parameters  in  interpreted  within  the  framework  of  a visual 
system  model  consisting  of  sustained  and  transient  spatial  frequency  channels. 
>^T)^The  effect  of  spatial  frequency  components  on  eye  movement  in  real-life 
‘'scenes  was  studied  by  correlating  eye  movement  patterns  obtained  from  photo- 
graphic scenes  which  were  spatially  high-pass  filtered,  low-pass  filtered  or 
unfiltered.  Results  indicate  that  areas  of  scenes  containing  strong  low 
spatial  frequency  components  attract  attention  more  than  areas  containing 
strong  high  spatial  frequency  components.  S')' Velocity  coding  in  the  human 

visual  system  was  studied  by  means  of  moving  sinusoidal  gratings.  Results 
with  complex  moving  gratings  indicate  that  velocity  perception  depends 
partially  on  the  temporal  variation  of  intensity  at  each  point  on  the  retina 
due  to  the  moving  pattern.  A complex  pattern  containing  a fundamental  spatial 
frequency  and  higher  harmonic  components  appears  to  be  moving  faster  than  a 
stimulus  consisting  of  only  the  fundamental  component  and  moving  at  the  same 
velocity  as  the  complex  pattern. 

This  research  indicates  how  inter^tions  between  sustained  and  transient  chan- 
nels can  be  used  to  characterize  hi^n  visual  response  to  dynamic  displays  or 
imagery.  In  particular,  transient  antk^ustained  channels  seem  to  be  involved 
in  the  perceived  organization  of  compl^  scenes ; for  example,  the  detection  of 
targets  against  a cluttered  background.  The  high  and  low  spatial  frequency 
tuning  of  the  sustained  and  transient  channels  respectively  appears  to  be  a 
factor  in  determining  eye  movements  and  regions  of  interest  in  a complex 
scene.  These  studies  provide  a consistent  framework  on  which  to  model  the 
dynamic  performance  characteristics  of  the  human  visual  system  for  complex 
image  analysis. 
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Overview  and  Summary 

There  is  considerable  neurophysiological  and  psychophysical 
research  which  demonstrates  the  existence  of  separate  sustained 
and  transient  channels  in  mammalian  visual  systems  (e.g., 
Kulikowski  and  Tolhurst,  1973)  • Sustained  mechanisms  in  humans 
have  been  shown  psychophysically  to  be  most  sensitive  to  high 
spatial  frequencies  and  relatively  insensitive  to  movement  or 
flicker.  One  characterization  of  the  sustained  channel  that  has 
proved  successful  in  describing  the  results  of  experiments  with 
static  imagery  is  the  Foiirier-analyzer  model  (see  Pantle  for  a 
summary,  1974).  Transient  mechanisms  are  more  sensitive  to  low 
spatial  frequencies  and  to  movement  or  flicker.  The  temporal 
frequency  response  characteristics  of  the  transient  channel  were 
explored  in  depth  by  Pantle  (1975)* 

The  major  goals  of  the  present  research  were  to  provide 
corroborative  evidence  for  the  existence  of  sustained  and 
transient  channels,  to  further  specify  their  response  character- 
istics, and  to  determine  what  contributions  they  make  to  the 
perception  of  complex  and  dynamic  displays.  In  the  section 
entitled  "Perceptual  Grouping  and  Movement  of  Line-elements  in 
Dynamic  Displays"  we  have  described  research  with  two  different 
types  of  dynamic  visual  displays  whose  perceptual  characteristics 
can,  to  some  degree,  be  related  to  already  known  properties  of 
sustained  and  transient  channels.  This  is  an  important  advance 
because  it  demonstrates  that  a whole  area  of  research  which 
describes  the  response  of  sustained  and  transient  channels  to 
sinusoidal  patterns  can  be  used  to  understand  the  findings  in 
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another  research  area  vdth  a class  of  stimuli  which  are  not  J 

sinusoidal  gratings  but  which  can  be  decomposed  into  their  I 

spatial  frequency  components.  Moreover,  new  properties  of  sus-  ji 

tained  and  transient  channels  can  be  inferred  from  the  results 
with  the  dynamic  displays.  Experiments  in  the  section  entitled  i 

"Research  on  the  Processing  of  Spatial  Frequency  Information  in  j 

Complex,  Real-life  Scenes"  were  conceived  within  the  framework  j 

t 

of  the  Fourier-analyzer  model  described  by  Pantle  (197^)  for  1 

static  imagery.  Attempts  were  made  to  relate  various  aspects  of  | 

h\iman  behavior — visual  fixations,  recognition,  and  informativeness 

I ■ 

judgments  of  real-life  scenes — to  the  spatial  frequency  content 
of  the  scenes.  Finally,  in  the  section  entitled  "Research  on 
Velocity  Coding"  we  have  reported  the  results  of  experiments 


which  bear  on  the  manner  in  which  transient  mechanisms  might 
contribute  to  the  judgments  of  the  speed  of  moving  patterns. 
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Perceptual  Grouping  and  Movement  of 
Line-elements  in  Dynamic  Displays 
Research  with  two  kinds  of  dynamic,  line-element  displays 
is  reported  in  this  section.  In  the  displays  employed  in  the 
element-group  experiments,  the  elements  which  are  of  interest 
and  which  are  perceived  to  move  are  presented  against  an  other- 
wise blank  (noise-free)  background.  In  the  displays  employed  in 
the  cluster  movement  experiments,  the  elements  which  are  of 
interest  and  which  are  perceived  to  move  are  presented  against  a 
cluttered  background. 

A Bi-stable  Spati otemporal  Display 
Pantle  (1975)  has  described  a psychophysical  technique  which 
can  be  used  to  isolate  two  separate  visual  mechanisms  in  humans. 
V/ith  this  technique,  sensations  of  stroboscopic  movement  are 
produced  by  a cyclic  alternation  of  two  stimulus  frames.  Frame 
1 contains  3 black  dots  (a,  b,  c)  arranged  in  a horizontal  row 
on  a white  background.  Frame  2 contains  three  identical  dots 
® > J!)  » also  arranged  horizontally  but  shifted  to  the  right 
such  that  the  positions  of  dots  d and  £ of  Frame  2 overlap  those 
of  b and  c respectively  of  Frame  1 (see  Fig.  1).  Depending  upon 
stimulus  conditions,  the  spati otemporal  display  gives  rise  to 
either  of  two  percepts:  either  an  observer  perceives  a group  of 
3 dots  moving  in  toto  back  and  forth  (group  movement)  or  he 
perceives  the  overlapping  dots  of  each  frame  as  stationary  and  a 
third  dot  moving  back  and  forth  from  one  end  of  the  display  to 
the  other  (element  movement) . The  relative  proportion  of 
element  movement  and  group  movement  sensations  reported  by  an 
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observer  with  such  a display  in  some  way  reflects  the  relative 
response  (output)  of  two  underlying  visual  mechanisms.  That  is, 
the  relative  xjroportion  of  element  movement  responses  will 
increase  whenever  stimulus  conditions  favor  the  contribution  of 
one  visual  mechanism;  the  relative  proportion  of  group  movement 
responses  will  increase  whenever  stimulus  conditions  favor  the 
contribution  of  the  second  visual  mechanism.  By  observing  the 
effects  of  various  changes  of  stimulus  conditions  on  the  relative 
proportion  of  element  and  group  movement  responses,  it  is  possible 
to  determine  the  response  properties  of  the  underlying  mechanisms. 

Pantle  (1975)  has  already  used  the  element-group  paradigm 
successfully  and  it  can  be  exploited  further  in  an  attempt  to 
gather  more  information  about  the  response  properties  of  the  two 
visual  mechanisms. 

The  effects  of  light  intensity  and  contrast  variables  on 
the  two  visual  mechanisms  were  studied  in  one  series  of  experiments 
with  the  element-group  movement  paradigm.  In  a second  series  of 
experiments  the  effects  of  spatial  variables  on  element  and  group 
movement  sensations  were  investigated  in  order  to  determine 

.1 

whether  the  visual  mechanisms  underlying  the  element  and  group 
movement  sensations  were  the  sustained  and  transient  channels, 

respectively.  i 
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Element-group  Experiment  I:  ISI  Illumination 

When  an  observer  views  a pair  of  random-dot  patterns  which 
are  presented  successively  and  which  each  contain  a region  of 
dots  which  is  the  same  except  for  a uniform  displacement,  the 
region  appears  to  move  back  and  forth  (Anstis,  1970;  Julesz,  1971; 
Bell  and  Lappin,  1973;  Braddick,  1974).  Braddick  (1973)  found 
that  the  perception  of  movement  of  the  random-dot  cluster  could 
be  weakened  if  the  interval  between  the  pair  of  successively 
presented  patterns  was  illuminated  with  uniform  light  rather 
than  kept  dark.  In  Experiment  I,  we  attempted  to  determine 
whether  or  not  the  presence  of  illumination  in  the  interstimulus 
interval  would  differentially  affect  the  mechanisms  underlying 
the  element  and  group  movement  sensations. 

Method 

Subjects.  Nine  undergraduate  students  and  one  graduate 
student  served  as  subjects  in  the  experiment.  With  the  exception 
of  the  graduate  student,  all  subjects  served  in  partial  fulfill- 
ment of  course  requirements.  All  ten  subjects  were  naive  about 
the  purpose  of  the  experiment  and  none  had  previous  experience 
making  psychophysical  judgments. 

Stimuli . Each  member  of  the  stimulus  pair  shown  in  Fig.  1 
was  presented  in  one  channel  of  a three-channel  tachistoscope 
(Gerbrands  Harvard  Tachistoscope;  Timer  Model  160A,  Tachistoscope 
Switch  Model  I30S).  Each  stimulus  frame  was  a white  4 in  x 6 in 
unlined  index  card  on  which  three  dots  were  drawn  in  black  ink. 

The  relative  positions  of  the  dots  on  the  two  cards  were  the 
same  as  those  in  Fig.  1.  The  viewing  distance  was  81  cm,  and  at 
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this  distance  the  diameter  of  each  black  dot  was  4o  min,  with  a 
center-to-center  separation  of  6o  min  visual  angle  between 
adjacent  dots.  The  luminance  of  each  black  dot  was  0.086  rtiL; 
that  of  the  white  background,  0.425  mL.  The  overall  angle 
subtended  by  each  stimulus  frame  was  9°  horizontally  and  6°  15' 
vertically. 

In  addition,  a plain  white  card  was  inserted  into  the  third 
field  of  the  tachistoscope  for  use  during  light-filled  ISI's. 

The  third  field  could  be  adjusted  to  one  of  the  following 
luminances:  0.00,  0.03,  0.09.  0.2?,  0.80,  or  2.40  mL. 

Procedure . Each  subject  served  in  a single  experimental 
session,  the  first  few  minutes  of  which  were  devoted  to  practicing 
the  group  and  element  movement  judgments.  Of  the  original  13 
subjects  who  volunteered  to  serve  in  the  experiment,  three  were 
dropped  after  the  initial  practice  session  because  of  confusion 
between  the  element  and  group  movement  sensations.  No  data  were 
collected  from  these  subjects. 

During  testing,  each  subject  viewed  60  presentations  of 
alternating  stimulus  frames  (trials).  ISI  was  held  constant  at 
30  msecs  and  stimulus  duration  was  held  constant  at  200  msecs. 

On  any  given  trial  the  luminance  of  the  blank  field  displayed 
during  the  ISI  was  randomly  chosen  from  the  six  possible  values 
under  the  constraint  that  no  luminance  would  be  repeated  a third 
time  until  all  other  luminances  had  been  presented  twice.  Each 
trial  consisted  of  three  complete  cycles  of  the  stimuli.  For 
each  trial  the  subject's  task  was  to  report  whether  he  saw 
group  or  element  movement. 
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Results  and  Discussion 

The  number  of  times  that  each  subject  reported  group  move- 
ment in  each  luminance  condition  was  converted  to  a percent  and 
entered  into  a Friedman  analysis  of  variance  by  ranks.  The 
pattern  of  results  was  consistent  across  subjects,  and  the  effect 
of  ISI  luminance  on  the  type  of  movement  reported  by  the  subjects 
was  statistically  significant  = 35*89«  ^ = 5»  £ < 0.001). 

The  manner  in  which  ISI  affected  the  subjects'  movement 
percept  is  shown  in  Fig.  2 where  the  mean  percentage  of  group 
movement  responses  of  all  subjects  is  plotted  as  a function  of 
the  luminance  of  the  uniform  field  during  the  ISI.  The  leftmost, 
circled  point  in  the  graph  gives  the  mean  percentage  of  group 
movement  responses  when  the  ISI  was  completely  dark.  In  this 
condition  the  element  movement  sensation  predominated,  the 
subjects  reporting  group  movement  for  only  27%  of  the  stimulus 
sequences.  The  addition  of  light  to  the  ISI  had  little  or  no 
effect  on  the  type  of  movement  seen  as  long  as  its  intensity  was 
less  than  the  intensity  of  the  stimulus  frames  (0.43  mL) . The 
mean  percentage  of  group  movement  responses  for  ISI  luminances 
spanning  a log  unit  (0.03  to  0.3  mL)  remained  approximately  the 
same  as  that  for  a completely  dark  ISI.  However,  there  was  an 
abrupt  change  in  the  percentage  of  group  movement  sensations 
reported  as  ISI  luminance  was  increased  from  0.3  mL,  a luminance 
lower  than  that  of  the  stimulus  frames,  to  0.8  mL,  a luminance 
higher  than  that  of  the  stimulus  frames.  At  the  two  highest  ISI 
luminances,  the  group  movement  sensation  predominated,  the 
subjects  on  the  average  reporting  group  movement  for  86-90^5  of 
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GROUP"  MOVEMENT 
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the  stimulus  sequences. 


I The  influence  of  light  in  the  ISI  on  the  percentage  of  group 

! movement  sensations  could  possibly  be  due  to  a reduction  in  the 

I effective  contrast  of  the  stimulus  frames  arising  from  temporal 

[ luminance  summation.  If  the  temporal  integration  of  the  luminance 

t 

; of  a stimulus  frame  and  the  luminance  of  the  uniform  field  of  the 

' ISI  were  complete,  the  effective  contrast  of  a stimulus  frame 

i 

I would  be  given  by  the  following  formula 

t a ^ 

[ , + (0.15)(L2)  ’ 

where  aL  is  the  difference  between  the  luminances  of  the  dots 

I 

and  the  background  of  a stimulus  frame,  is  the  background 
I luminance  of  a stimulus  frame,  and  Lg  is  the  luminance  of  the 

i uniform  field  of  the  ISI.  Assuming  complete  temporal  integration, 

j 

the  effective  stimulus  contrasts  for  the  ISI  luminances  of  0.00, 
0.03,  0.09,  0.27,  0.80,  and  2.4o  mL  used  in  the  present  experi- 
ment were  0.80,  0.79.  0.78,  0.73,  0.62,  and  0.43  respectively. 

If  the  temporal  integration  were  less  than  complete,  which  it 
most  probably  is  over  an  internal  of  230  msec  (the  total  duration 
of  a stimulus  frame  and  an  ISI),  then  the  effective  contrasts 
would  be  less  than  the  values  computed  above.  In  order  to 
determine  whether  the  effective  contrast  of  the  stimulus  frames 
was  the  critical  factor  causing  the  changes  in  percentage  of 
group  movement  sensations  shown  in  Fig.  2,  we  directly  manipulated 
the  contrast  of  stimulus  frames  in  another  experiment. 
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Element-grou'P  Experiment  lit  Stimulus  Contrast 


Pantle  (1975)  lias  shown  that  a reversal  of  stimulus  contrast 
from  one  stimulus  frame  to  the  next  (from  black  dots  on  a white 
background  to  white  dots  on  a black  background)  eliminates 
element  movement  sensations  in  the  element-group  movement 
paradigm.  It  is  possible,  therefore,  that  changes  in  the 
magnitude  of  stimulus  contrast  alone  might  alter  the  proportion 
of  element  and  group  movement  sensations  in  the  element-group 
movement  paradigm.  Such  a finding  would  support  the  "change  of 
effective  contrast"  interpretation  of  Experiment  I.  On  the 
other  hand,  there  is  evidence  from  grating  adaptation  studies 
(see  Sekuler,  Pantle,  and  Levinson  for  summary,  in  press)  that 
the  response  of  at  least  one  type  of  movement  mechanism  saturates 
at  low  stimulus  contrasts  (about  5X  threshold)  and  is  independent 
of  contrast  for  a wide  range  of  suprathreshold  values. 

Method 

Subjects.  Twelve  undergraduate  psychology  students  served 
in  the  experiment  in  partial  fulfillment  of  course  requirements. 
None  of  the  subjects  had  previous  experience  making  psychophysical 
judgments  and  all  were  naive  about  the  purpose  of  the  experiment. 

Stimuli . Four  pairs  of  stimuli  were  used,  all  with  dot 
spatial  arrangements  identical  to  those  used  in  Experiment  I . 
However,  each  of  the  dots  measured  9 inm  in  diam  with  a center-to- 
center  separation  between  adjacent  dots  of  15  nim.  The  visual 
angle  subtended  by  each  dot  was  approximately  38  min.  The 
center-to-center  distance  between  adjacent  dots  was  1®  3'  visual 
angle.  The  luminance  of  the  background  of  each  pair  of  stimuli 
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was  1.65  mL.  The  luminance  of  the  dots  for  different  pairs  of 
stimulus  frames  was  varied.  For  one  pair,  the  luminance  of  the 
dots  was  0.30  mL;  for  another  pair,  0.77  mL;  for  the  third  and 
fourth  pairs,  1.28  and  1.49  mL  respectively.  Thus,  given  a 
background  of  constant  luminance,  there  were  four  pairs  of 
stimulus  frames  with  contrasts  of  81.4,  53-3i  23.4,  and  10.8 
percent,  where  contrast  is  defined  according  to  the  following 
formula;  C = AL/L.  AL  is  the  difference  between  the  luminances 
of  the  dots  and  the  background,  and  L is  the  luminance  of  the 
background . 

The  stimuli  were  matte  photographs  of  white  index  cards 
with  dots  drawn  in  black  ink.  Different  exposure  times  were 
used  to  produce  pairs  of  photographs  (stimulus  frames)  with  the 
different  contrasts.  Each  pair  of  stimuli  was  presented  with 
two  channels  of  a three-channel  tachistoscope . 

Procedure . Subjects  served  in  five  experimental  sessions 
conducted  on  separate  days.  During  the  first  session  subjects 
viewed  alternating  stimulus  patterns  with  high  contrast  dots  and 
described  any  movement  sensations  they  experienced.  Most 
subjects  spontaneously  reported  element  movement  sensations  when 
the  ISI  was  short  and  group  movement  sensations  when  the  ISI  was 
long.  The  remainder  of  the  first  session  was  devoted  to  practice 
with  various  ISI's. 

The  first  few  minutes  of  each  of  the  remaining  four  test 
sessions  were  devoted  to  practice  with  high  contrast  frames. 
Thereafter,  during  any  particular  test  session,  stimulus  frames 
of  a single  chosen  contrast  were  used  for  testing.  During  the 
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session  there  were  35  trials — five  at  each  of  seven  ISI ' s (5.  10, 

20,  30,  4o,  50,  or  70  msecs).  Stimulus  duration  was  held 
constant  at  200  msecs  and  ISI  was  randomly  selected  with  the 
constraint  that  no  single  ISI  was  repeated  a third  time  until 
all  others  had  been  used  twice.  After  each  trial  the  subject's 
task  was  to  report  whether  he  had  seen  group  or  element  movement . 

Three  separate  4x4  Latin  squares  were  used  to  determine 
the  order  in  which  the  four  conditions  of  stimulus  contrast  (one 
per  test  session)  were  presented  to  the  subjects.  Each  subject 
followed  an  order  given  by  one  row  of  one  of  the  Latin  squares. 

In  this  way  the  order  of  testing  for  different  stimulus  contrasts 
was  counterbalanced  across  subjects.  At  the  completion  of  the 
experiment,  each  subject  had  made  five  judgments  for  each- 
combination  of  stimulus  contrast  and  ISI. 

Results  and  Discussion 

Each  function  in  Fig.  3 shows,  for  a single  stimulus 
contrast,  the  mean  percentage  of  group  movement  responses  as  a 
function  of  ISI.  Each  point  on  a curve  is  based  on  60  responses, 
five  for  each  of  twelve  subjects. 

A repeated  measures  analysis  of  variance  of  the  percentage 
of  group  movement  responses  demonstrated  a significant  main 
effect  of  ISI  CF(6,  66)  = 129.67,  £ < 0.001].  This  result 
replicates  earlier  findings  of  Pantle  (1975)  "that  the  percentage 
of  group  movement  responses  increases  with  an  increase  in  the 
duration  of  the  ISI.  The  present  result  extends  the  earlier 
findings  in  showing  that  the  effect  of  ISI  is  present  for  low, 
as  well  as  high,  contrast  stimuli.  The  main  effect  of  stimulus 

ft 
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Percentage  of  group  movement  responses  as  a function  of 
the  duration  of  the  interstimulus  interval.  Stimuli 
of  10.8  percent  contrast!  o's;  23.^  percent  contrast: 
a's5  53.3  percent  contrast:  x’s;  81.4  percent 
contrast:  e's. 
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contrast  was  also  significant  CZ(3i  33)  = 19-^^.  £ < 0.001^. 
Subjects  reported  a greater  percentage  of  group  movement 
sensations  at  lower  contrasts.  Except  for  the  70-msec  ISI  where 
the  percentage  of  group  movement  responses  is  near  100  for  all 
stimulus  contrasts,  points  on  the  curves  for  10.8  and  23.^ 
percent  contrast  fall  above  corresponding  points  on  the  curves 
for  53.3  and  81.4  percent  contrast  at  all  ISI's.  The  interaction 
of  stimulus  contrast  and  ISI  was  statistically  significant 
(lF(18,  198)  = 4.14,  p < 0.001],  but  the  effect  may  be  due 
entirely  to  the  limitation  of  the  range  of  the  possible  values 
of  the  dependent  variable.  Smaller  differences  between  the 
curves  for  different  contrasts  occurred  at  the  shortest  (5  and 
10  msec)  and  the  longest  (50  and  70  msec)  ISI’s,  where  the 
percentage  of  group  movement  responses  approaches  0 and  100 
respectively.  Moreover,  the  shapes  of  the  different  contrast 
curves  are  almost  identical,  except  for  a horizontal  displacement. 
As  a measure  of  the  displacement,  we  determined  the  ISI  for  which 
the  element  and  group  movement  sensations  were  reported  50 
percent  of  the  time  (hereafter  called  the  transition  ISI).  This 
value  was  obtained  for  each  subject  for  each  stimulus  contrast. 

For  the  four  stimulus  contrasts  of  10.8,  23.4,  53 -3 » and  81.4 
percent,  the  mean  transition  ISI's  were  21.9,  25. 0,  35.5,  and 
33.1  msecs  respectively,  and  they  correspond  to  the  points  where 
the  four  functions  in  Fig.  3 cross  the  50  percent  value  of  the 
ordinate.  A repeated  measures  analysis  of  variance  of  the 
transition  points  revealed  a significant  effect  of  stimulus 
contrast  [F(3,  33)  = 19.35,  E < 0.001].  The  transition  ISI's 
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were  shorter  for  the  two  lower  stimulus  contrasts. 


The  changes  in  the  percentage  of  group  movement  responses 
obtained  in  the  present  experiment  with  reductions  of  stimulus 
contrast  are  in  the  direction  required  to  account  for  the  results 
of  Experiment  I.  However,  the  range  of  absolute  stimulus 
contrasts  over  which  reductions  of  stimulus  contrast  affected 
the  percentage  of  group  movement  responses  in  Experiment  II  does 
not  coincide  with  the  range  of  effective  stimulus  contrasts  over 
which  reductions  affected  the  percentage  of  group  movement 
responses  in  Experiment  I.  In  Experiment  I,  a change  of  effec- 
tive stimulus  contrast  from  0.73  "to  0.62  Increased  the  percentage 
of  group  movement  responses  from  31  to  86  percent.  In  Experiment 
II,  an  even  larger  reduction  of  stimulus  contrast  from  81.4  to 
53*3  percent  produced  no  change  in  the  percentage  of  group 
movement  responses.  The  curves  for  these  two  contrast  levels  in 
Fig.  3 completely  overlap.  Not  until  the  contrast  was  reduced 
to  23.4  or  10.8  percent,  a few  times  threshold  levels  for  the 
conditions  of  the  experiment,  was  there  any  effect  of  stimulus 
contrast  on  the  type  of  movement  seen  by  the  subject. 

Two  conclusions  are  warranted  by  the  data;  (1)  At  near 
threshold  contrasts  the  mechanism  underlying  the  group  movement 
sensation  more  readily  dominates  the  mechanism  underlying  the 
element  movement  sensation  than  it  does  at  high  contrasts; 

(2)  some  process  other  than  temporal  integration  and  reduction 
of  effective  stimulus  contrast  must  be  responsible  for  the 
effects  of  ISI  illumination  in  Experiment  I . The  addition  of 
light  during  the  ISI  increases  the  total  amount  of  light  received 
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Element-group  Experiment  III : Light-dark  Adaptation 

It  is  generally  held  that,  in  humans,  vision  with  high 
levels  of  Illumination  is  mediated  by  cones  and  that  vision  with 
low  levels  of  illumination  is  mediated  by  rods.  This  principle 
manifests  itself  during  the  course  of  dark  adaptation  after 
exposure  to  a bright  flash  of  light.  During  dark  adaptation 
there  is  a changeover  from  cone  vision  to  rod  vision.  If  there 
is  a different  input  of  rods  and  cones  to  the  mechanisms  mediating 
the  element  and  group  movement  sensations,  then  one  would  expect 
a change  in  the  proportion  of  element  and  group  movement  sensations 
produced  by  a constant  spatiotemporal  (element-group  movement) 
display  during  dark  adaptation.  There  are  other  reasons  for 
expecting  that  the  level  of  light-dark  adaptation  may  influence 
element  and  group  movement  sensations.  Physiological  experiments 
show  that  the  structure  of  receptive  fields  of  visual  neurons  in 
the  cat  changes  with  the  level  of  light -dark  adaptation  (Barlow, 
Fitzhugh,  and  Kuf f ler , 1957) i and  Breitmeyer  (1973)  has  shown 
psychophysically  that  the  temporal  frequency  response  of 
movement-sensitive  mechanisms  studied  with  gratings  shifts  to 
lov/er  frequencies  as  dark  adaptation  increases. 

Method 

Subjects.  Five  subjects,  including  the  author  (AP), 
participated  in  Experiment  III.  All  subjects  were  experienced 
psychophysical  observers. 

Apparatus  and  stimuli . A three-channel  Maxwellian-view 
system  was  used  in  the  experiment.  Two  stimulus  channels  provided 
the  two  individual  stimulus  frames  of  the  element-group  movement 
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display,  and  the  third  channel  provided  a bright  adaptation  field. 

The  light  beams  of  the  two  stimulus  channels  originated  from 
a single  source,  a tungsten-filament  bulb  (#1133)  run  at  by 

a regulated  power  supply.  In  one  of  the  stimulus  channels,  a 
collimated  light  beam  was  passed  through  a photographic 
transparency  to  produce  one  of  the  stimulus  frames  of  the  element- 
group  movement  display.  The  second  stimulus  channel  provided 
the  second  stimulus  frame.  The  retinal  illuminance  of  the  dots 
in  each  stimulus  frame  was  approximately  110  trolands;  the 
retinal  illuminance  of  the  background  of  each  stimulus  frame  was 
1100  trolands.  Each  dot  subtended  a visual  angle  of  53’ » and 
the  center-to-center  distance  between  a pair  of  adjacent  dots 
was  1°  31*.  Each  stimulus  frame  as  it  appeared  to  the  subject 
was  circular  with  a diameter  of  12°  37'* 

The  two  stimulus  frames  were  presented  in  alternate 
succession  to  the  subject  by  means  of  an  episcotister  placed  at 
a focal  point  in  the  optical  paths  of  both  stimulus  channels.  A 
variable-speed  motor  in  combination  with  a multi-ratio  speed 
reducer  allowed  the  subject  to  control  the  speed  of  rotation  of 
the  episcotister,  and  thereby  the  rate  of  alternation  of  the 
stimulus  frames.  As  the  speed  of  rotation  was  increased,  both 
the  diiration  of  each  stimulus  frame  and  the  interval  between  them 
(the  ISI , which  was  completely  dark)  decreased.  Both  of  these 
decreases  have  been  shown  to  produce  a lower  percentage  of  group 
movement  responses  in  past  work  (Petersik,  1975)*  The  ratio  of 
stimulus  duration  to  ISI  duration  remained  the  same  for  all  rates 
of  alternation  of  the  stimulus  frames. 
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The  light  beam  of  the  third  (adaptation)  channel  was  supplied 
by  a second  tungsten- filament  bulb  (#1135)  run  at  6V  by  a second 
regulated  power  supply.  The  adaptation  field  provided  by  this 
channel  was  spatially  uniform,  was  circular  with  a diameter  of 
12°  37' I and  had  a retinal  illuminance  of  58,000  trolands.  A 
stop  was  placed  at  a focal  point  in  the  adaptation  channel  to 
insiore  that  the  image  of  the  soiirce  formed  in  the  plane  of  the 
subject's  pupil  did  not  exceed  the  diameter  of  the  subject's 
pupil . 

All  three  channels  were  combined  by  beam  splitters  prior  to  I 

the  final  lens  of  the  optical  system.  The  final  lens  formed 
three  superimposed  images  of  the  two  sources  in  the  plane  of  the 
subject's  right  eye.  A chin  rest  was  used  to  stabilize  the  / 

subject's  head  position.  The  retinal  locations  of  each  stimulus 
frame  and  of  the  adaptation  field  were  concentric. 

Procedure . The  general  plan  of  the  experiment  was  to  have 
each  subject  set  the  rate  of  alternation  of  the  stimulus  frames 
at  a point  which  produced  a multistable  percept  while  viewing 
the  element-group  movement  display  at  regular  intervals  following 
light  adaptation.  In  general,  the  point  of  multi stability  was 
defined  as  that  speed  of  rotation  of  the  episcotister  which 
yielded  a sensation  of  spontaneous  alternation  between  element 
and  group  movement  sensations.  At  rates  of  alternation  which 
were  too  slow  the  subject  saw  only  group  movement!  at  rates 
which  were  too  fast,  only  element  movement.  The  subject  adjusted 
the  alternation  rate  by  changing  the  speed  of  the  motor  which 
controlled  the  speed  of  rotation  of  the  episcotister  in  the  two 
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stimulus  channels.  Prior  to  the  start  of  the  experiment  all 
subjects  spent  3-5  hours  distributed  over  several  different 
occasions  familiarizing  themselves  with  the  apparatus  and  the 
method  of  setting  their  own  multistable  points.  All  subjects 
practiced  setting  their  own  multistable  points  until  they  were 
able  to  complete  the  adjustment  within  10-15  secs. 

Each  subject  served  in  three  experimental  sessions.  At  the 
beginning  of  each  session,  the  subject  dark  adapted  for  approxi- 
mately 2 mins.  Next,  the  subject  viewed  the  adaptation  field 
alone  with  his  right  eye  for  a 90-sec  interval.  Following  90 
secs  of  light  adaptation,  the  experimenter  occluded  tne  adaptation 
field  and  the  subject  made  his  first  multistable  point  setting. 
After  finding  his  point  of  multi stabi lity , the  subject  turned 
away  and  faced  a dark  wall  until  the  next  time  he  was  required 
to  set  his  point  of  multistability.  Exactly  90  secs  after  the 
beginning  of  the  first  adjustment  of  his  point  of  multi stabi lity , 
the  subject  made  a second  adjustment.  This  sequence  of  events 
continued  so  that  the  subject  set  his  point  of  multi stabi lity 
every  90  secs  over  a period  of  30  mins  of  dark  adaptation.  Thus, 
during  any  single  session,  each  subject  made  21  multistable 
point  settings. 

Following  each  adjustment  of  the  point  of  multistability  by 
the  subject,  the  experimenter  recorded  the  speed  of  rotation  of 
the  episcotister  and  randomly  reset  its  speed  for  the  next  trial. 
At  the  completion  of  the  experiment  each  subject  had  made  a total 
of  63  multistable  point  settings,  three  at  each  of  the  21  delays 
after  the  adaptation  field  was  extinguished. 


Results  and  Discussion 
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The  results  of  Experiment  III  are  summarized  in  Fig.  4. 

The  function  gives  the  rate  of  alternation  of  the  stimulus  frames 
which  the  subject  required  to  see  the  element  and  group  movement 
sensations  alternate  spontaneously  (the  point  of  multistability) 
as  a function  of  the  time  after  the  adaptation  field  was  turned 
off.  Since  ISI  and  stimulus  duration  both  changed  when  the 
subject  varied  alternation  rate,  the  point  of  multistability  is 
expressed  both  in  terms  of  ISI  (left-hand  ordinate)  and  stimulus 
duration  (right-hand  ordinate) . Each  datum  point  is  the  mean  of 
15  estimates  of  the  point  of  multi stability , three  for  each  of  5 
subjects.  As  can  be  seen  in  the  figure,  the  subjects  had  to 
increase  the  stimulus  duration  and  ISI  (the  period  of  alternation 
of  the  stimulus  frames)  in  order  to  maintain  a multi stable 
i percept  as  time  in  the  dark  increased.  An  analysis  of  variance 

showed  that  the  change  in  the  point  of  multistability  is 
statistically  significant  CF(20,  80)  = 19*1^,  £ < 0.001].  The 
change  in  the  point  of  multi stability  is  most  easily  understood 
in  the  following  way.  If  the  subjects  did  not  change  the 
alternation  period  as  dark  adaptation  progressed,  the  element 
movement  sensation  became  predominant;  i.e.,  grew  in  strength 
relative  to  the  group  movement  sensation.  Since  an  increase  of 
either  stimulus  duration  or  ISI  favors  the  group  movement  sensa- 
tion, the  subjects  increased  the  alternation  period  in  order  to 
preserve  the  balance  between  the  group  and  element  movement 
sensations  as  dark  adaptation  progressed. 

It  is  not  possible  to  draw  any  firm  conclusions  about  the 
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neural  origin  of  the  change  in  the  point  of  multi stability  with 
dark  adaptation.  However,  the  lack  of  a distinct  rod-cone  break 
in  the  function  indicates  that  it  is  more  likely  that  the  change 
of  the  multistable  point  is  a result  of  a change  in  the  response 
properties  of  the  mechanisms  which  underlie  the  group  and/or 
element  movement  sensations  rather  than  a change  from  a cone-  to 
a rod -dominated  movement  system.  Further  experiments  in  which 
the  element-group  movement  display  is  illuminated  by  monochromatic 
light  or  in  which  results  from  central  and  peripheral  viewing  are 
compared  are  necessary  to  determine  the  origin  of  the  light -dark 
adaptation  effect. 

As  alluded  to  earlier,  the  results  of  Experiment  I might  be 
explained  in  terms  of  changes  in  light-dark  adaptation  resulting 
from  the  addition  of  light  during  the  ISI . Hov/ever , even  though 
the  results  of  Experiment  III  are  in  a direction  which  is 
consistent  with  a "light-dark  adaptation"  explanation  of  Experi- 
ment I,  the  smooth  continuous  changes  of  the  point  of  multi- 
stability observed  with  changes  in  the  level  of  dark  adaptation 
in  Experiment  III  do  not  match  very  closely  the  discontinuous 
abrupt  changes  in  the  percentage  of  group  movement  responses 
encountered  in  Experiment  I as  ISI  illumination  was  changed. 
Apparently,  the  changes  of  ISI  illumination  in  Experiment  I were 
effective  because  of  differences  in  rapid,  temporal  transients 
which  accompany  the  ISI  changes,  and  not  because  of  differences 
in  the  overall  level  of  light-dark  adaptation.  Experiments  in 
which  element  and  group  movement  responses  are  studied  after 
various  types  of  flicker  adaptation  may  provide  some  further 


insight  into  the  results  of  Experiment  I. 

In  summary,  the  three  intensity  and  contrast  variables 
studied  in  the  foregoing  experiments  clearly  affect  the  propor- 
tion of  element  and  group  movement  sensations.  While  the  exact 
manner  in  which  the  three  variables  alter  the  responses  of  the 
mechanisms  which  underlie  the  two  sensations  is  not  revealed  by 
the  experiments,  comparisons  among  the  experiments  indicate  that 
the  variables  are  distinct?  i.e.,  any  one  variable  is  not  just  a 
special  case  of  one  of  the  other  variables. 
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In  the  element-group  experiments  described  thus  far,  the 
elements  in  each  frame  were  dots.  In  the  remaining  element-group 
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experiments  the  elements  were  vertical  lines.  Lines  were  used 
because  they  permit  manipulation  of  spatial  variables  not  possible 
with  dots.  In  the  first  experiment  with  lines  we  introduced 
small  systematic  perturbations  (variations)  in  the  orientation  of 
the  two  elements  of  one  frame  (elements  which  corresponded  to  d 
and  e of  the  frame  at  time  tg  in  Fig.  1)  which  overlapped  two 
elements  of  the  other  frame.  If  the  mechanisms  underlying  the 
element  and  group  movement  sensations  are  differentially  sensitive 
to  the  changes  of  orientation,  then  one  would  expect  the  orienta- 
tion perturbations  to  alter  the  proportion  of  element  and  group 
movement  responses. 

Method 

Sub.iects.  Eight  undergraduate  psychology  students,  six  of 
whom  served  in  partial  fulfillment  of  coiurse  requirements, 
participated  in  the  present  experiment.  Two  of  the  subjects  were 
experienced  psychophysical  observers,  and  all  were  naive  with 
respect  to  the  purpose  of  the  experiment. 

Stimuli . The  stimuli  were  similar  to  those  described  in 
Experiment  I and  shown  in  Fig.  1,  with  the  exception  that  the 
present  stimuli  were  green  vertical  lines  on  a dark  background 
instead  of  black  dots  on  a white  background.  Each  stimulus  frame 
was  presented  on  a CRT  screen  coated  with  a rapid  decay  phosphor 
(P31)  by  a PDF  11/10  computer.  The  viewing  distance  was  104  cm, 
and  at  this  distance  each  line  subtended  3'  40"  visual  angle  in 
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width,  and  3°  08'  in  height.  The  separation  between  adjacent 
lines  was  1®.  Stimulus  frames  were  viewed  with  ambient  room 
illumination,  and  the  resultant  luminance  of  the  CRT  screen  was 
0.12  mL.  Against  the  background  of  the  CRT  screen,  each  of  the 
stimulus  lines  generated  by  the  computer  had  a luminance  of  7.2 
mL.  The  oscilloscope  sere erb  subtended  11°  45'  vertically  and 
15°  15'  horizontally. 

In  addition,  the  computer  was  programmed  such  that  the  left 
and  center  lines  of  the  one  frame  in  each  pair  (i.e.,  lines 
corresponding  to  elements  d and  e in  Fig.  1)  could  be  rotated 
about  their  center  to  either  0°,  3°,  6°,  or  8°  clockwise  from 
vertical  on  any  trial.  The  rotation  is  referred  to  as  an  orien- 
tation perturbation. 

Procedure . Each  subject  served  in  five  experimental  sessions, 
the  first  few  minutes  of  each  being  devoted  to  the  practice  of 
group  and  element  movement  judgments.  During  each  experimental 
session,  each  subject  viewed  4o  presentations  of  the  alternating 
stimulus  frames  (trials).  During  each  session,  the  4o  trials 
were  divided  into  two  blocks  of  20  trials.  For  any  trial  within 
a single  block,  an  ISI  of  either  0,  17,  33 > 50,  or  67  msec  was 
combined  with  one  of  the  four  orientation  perturbations  described 
above.  All  possible  combinations  of  the  five  ISI’s  with  the  four 
orientation  perturbations  defined  the  experimental  conditions. 
WitUn  a block,  the  particular  experimental  condition  employed 
on  any  trial  was  randomly  determined  with  the  constraint  that  no 
single  ISI  or  orientation  perturbation  was  presented  on  any  three 
immediately  successive  trials. 
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On  each  trial,  each  subje^ct  viewed  the  alternating  frames 
of  a stimulus  pair  for  3 sec.  Each  frame  in  the  sequence  had  a 
duration  of  200  msec.  For  each  trial,  the  subject's  task  was  to 
report  whether  he  saw  group  or  element  movement. 

Results  and  Discussion 

Each  function  in  Fig.  5 shows,  for  a single  orientation 
perturbation,  the  mean  percentage  of  group  movement  responses  as 
a function  of  ISI* . Each  point  on  a curve  is  based  on  80  responses, 
ten  for  each  of  eight  subjects.  A repeated  measures  analysis  of 
variance  of  the  percentage  of  group  movement  responses  obtained 
from  each  subject  demonstrated  a significant  main  effect  of  ISI 
[F(4,  28)  = 89.78,  £ < 0.0001].  As  in  Experiment  II,  this  result 
is  a replication  of  earlier  findings.  An  increase  in  the 
duration  of  the  ISI  produced  an  increase  in  the  percentage  of 
group  movement  responses.  At  short  ISI's  the  element  movement 
response  was  dominant,  while  at  longer  ISI's  the  group  movement 
response  was  dominant.  The  main  effect  of  orientation  perturba- 
tion was  also  significant  CF(3»  21)  = 31*4,  p < O.OOOl].  Subjects 
reported  a greater  percentage  of  group  movement  sensations  with 
greater  perturbations  of  orientation.  For  example,  as  shown  in 
Fig.  5,  with  an  ISI  of  33  msec  the  point  on  the  8°  perturbation 
function  falls  above  the  corresponding  point  on  the  6°  pertur- 
bation function,  which  in  turn  is  above  the  3°  perturbation 
function.  The  increase  in  the  percentage  of  group  movement 
responses  (a  decrease  in  the  percentage  of  element  movement 
responses)  occurred  only  for  short  and  intermediate  ISI's  because 
subjects  already  reported  100  percent  group  movement  at  long 
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Fig.  5 
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INTERSTIMULUS  INTERVAL  (msec) 


Percentage  of  group  movement  responses  as  a function  of 
the  duration  of  the  interstimulus  interval.  Orienta- 
tion perturbation  of  0°  (control  data):  x's;  3° i o's; 
6°.  a's;  8°.  e's. 


ISI's  even  with  a 0°  perturbation  (the  control  condition). 
Consequently,  the  interaction  between  ISI  and  orientation 
perturbation  is  significant  [F(12,  84)  = 4.67i  p < 0.0001], 

To  summarize,  the  response  of  the  mechanism  which  gives  rise 
to  the  element  movement  sensation  is  strongest  when  the  overlapping 
lines  in  the  two  frames  have  the  same  orientation  and  grows 
weaker  as  their  orientation  is  made  more  discrepant. 
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Element-group  Experiment  V;  Position  Perturbations  and 
Element  Spacing 

Because  the  relative  orientation  of  the  overlapping  lines 
in  the  element-group  display  was  shown  to  be  an  important 
variable  in  the  previous  experiment,  we  decided  to  see  v/hether 
or  not  slight  perturbations  in  the  relative  positions  of  the 
overlapping  lines  would  also  affect  the  proportion  of  element 
and  group  movement  responses.  If  the  mechanism  mediating  the 
element  movement  sensation  is  sensitive  to  small  changes  (from 
one  frame  to  the  next)  of  the  orientation  of  the  overlapping 
lines,  it  might  be  equally  sensitive  to  small  changes  in  the 
positions  of  the  overlapping  lines.  In  a second  experiment  the 
positions  of  the  lines  corresponding  to  elements  d and  e in  Fig. 

1 were  displaced  by  various  amounts  (hereafter  called  position 
perturbations)  relative  to  their  corresponding  partners  (b  and  c 
in  Fig.  1)  in  the  other  frame.  Because  the  position  perturbations 
not  only  produce  differences  in  the  degree  of  correspondence  of 
the  overlapping  lines,  but  also  break  up  the  spatial  periodicity 
(regular  spacing)  of  the  lines  in  the  frame  in  which  the 
perturbations  are  introduced,  a display  which  provided  a control 
for  aperiodicity  was  employed.  In  this  display,  the  position  of 
the  element  corresponding  to  f in  Fig.  1 was  perturbed,  making 
the  elements  of  this  frame  aperiodic  in  space  without  changing 
the  exact  correspondence  of  the  positions  of  the  overlapping 
lines  in  the  two  frames. 

In  all  previous  element-group  experiments,  the  spacing  among 
the  elements  of  each  frame  was  held  constant.  However,  it  seemed 
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logical  that  the  degree  to  which  the  lines  were  perceived  as 
individual  elements  as  opposed  to  a group  would  depend  upon  how 
closely  they  were  spaced.  Looked  at  in  another  way,  the  spatial 
frequency  content  of  each  frame  is  altered  whenever  the  element 
spacing  is  changed,  and  the  changes  of  spatial  frequency  content 
may  differentially  affect  the  mechanisms  mediating  the  element 
and  group  movement  sensations.  Therefore,  element  spacing  was 
also  varied  in  the  present  experiment. 

Method 

Subjects.  Six  undergraduate  psychology  students,  four  of 
whom  served  in  partial  fulfillment  of  course  requirements, 
participated  in  the  present  experiment.  The  two  experienced 
psychophysical  observers  who  served  in  Experiment  IV  also  parti- 
cipated in  the  present  experiment.  All  subjects  were  naive  vi.th 
respect  to  the  purpose  of  the  experiment. 

Stimuli  and  procedure . Two  stimulus  frames  which  were 
identical  to  those  described  in  Experiment  IV  and  which  contained 
no  orientation  perturbations  (orientation  perturbation  = 0®) 
were  used  in  the  control  conditions  of  the  present  experiment. 

The  control  stimuli  were  combined  with  each  of  five  ISI * s — 0,  1?, 
33.  50,  and  6?  msec — to  produce  a total  of  five  control  conditions. 
As  suggested  above,  it  is  possible  that  element  spacing  would 
also  influence  the  relative  percentage  of  group  movement 
sensations  reported  at  each  ISI.  Fig.  6a  is  a schematic 
representation  of  two  stimulus  frames  with  an  element  spacing  X* 

In  the  present  experiment,  the  spacing  between  adjacent  lines  in 
the  control  conditions  measured  1°.  The  computer  was  programmed 
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Schematic  representation  of  the  variables  of  element 
spacing  (X),  position  perturbation  (Y),  and  aperiodic 
spacing  (Z).  See  text  for  explanation. 
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so  that  the  spacing  X could  also  be  16' , 8' , or  4'  visual  angle. 
When  factorially  combined  with  the  five  levels  of  ISI  (0,  17, 

33 f 50 » and  67  msec),  the  three  new  values  of  X produced  a 
total  of  15  new  experimental  conditions. 

Separate  experimental  conditions  were  also  designed  to 
investigate  the  effect  of  position  perturbations.  The  two 
stimulus  frames  shown  in  Fig.  6b  represent  a condition  in  which 
the  location  of  the  "overlapping"  lines  of  one  frame  have  been 
shifted  laterally  by  a distance  Y relative  to  their  locations 
in  the  control  conditions  (represented  by  the  dashed  lines  in 
Fig.  6b) . (By  definition,  the  shift  of  the  overlapping  lines 
in  the  control  conditions  was  0° . ) The  computer  was  programmed 
so  that  the  lateral  shift  Y of  the  overlapping  lines  could  be 
either  16',  8',  or  4'  visual  angle.  When  factorially  combined 
with  the  five  levels  of  ISI,  the  three  new  values  of  Y produced 
a total  of  15  new  experimental  conditions. 

In  order  to  provide  a control  for  the  changes  of  the  spatial 
periodicity  introduced  by  the  position  perturbations,  a separate 
pair  of  stimulus  frames  was  constructed  (see  P’ig.  6C).  This 
aperiodic  spacing  display  was  like  that  used  in  the  control 
conditions  (where  the  element  spacing  was  1°),  except  that  the 
distance  Z between  two  of  the  elements  of  one  frame  was  increased 
from  1°  to  1°  4o' . 

The  control,  spacing,  position  perturbation,  and  aperiodic 
spacing  conditions  resulted  in  a total  of  4o  different  conditions 
in  the  present  experiment.  Each  subject  served  in  ten  experimental 
sessions,  the  first  few  minutes  of  each  being  devoted  to  the 
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t practice  of  group  and  element  movement  judgments.  During  the 
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: remainder  of  each  session,  each  subject  viewed  each  of  the  4o 

' stimulus  conditions  (trials)  described  above.  The  order  of 

i- 

I 

presentation  of  the  stimulus  conditions  v/as  randomly  determined. 

\ 

' On  each  trial,  the  subject  viewed  the  alternating  stimulus 

I 

I frames  for  3 sec.  On  each  trial,  the  duration  of  an  individual 

I stimulus  frame  was  200  msec.  For  any  single  subject,  the  ten 

[ experimental  sessions  resulted  in  a total  of  400  trials,  ten 

I i 

I for  each  condition. 

Results  and  Discussion 

Each  of  the  three  sets  of  conditions  (element  spacing, 
position  perturbation,  and  aperiodic  spacing)  can  be  treated  as 
a separate  experiment.  Figs.  7 through  9 summarize  the  results 
of  the  three  sets  of  experimental  conditions.  The  results  of 
the  control  trials  are  shown  in  all  three  figures  for  comparison 
with  the  results  of  the  experimental  conditions. 

Each  function  in  Fig.  7 shows,  for  a single  spacing  X 
between  adjacent  stimulus  lines,  the  mean  percentage  of  group 
movement  responses  as  a function  of  ISI . Each' point  on  a curve 
is  based  on  60  responses,  ten  for  each  of  six  subjects.  In 
general,  the  percentage  of  group  movement  responses  increased  as 
a function  of  ISI.  A repeated  measures  analysis  of  variance  of 
the  percentage  of  group  movement  responses  obtained  from  each 
: subject  verified  the  significant  main  effect  of  ISI  CF(4,  20)  = 

19.97,  £ < 0.0001].  The  main  effect  of  spacing  (magnitude  of  X) 
was  also  significant  CZ(3,  15)  = 9.05,  E 0.002].  Subjects 
reported  a greater  percentage  of  group  movement  sensations  with 
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GROUP  MOVEMENT  RESPONSES 
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Fig.  7.  Percentage  of  group  movement  responses  as  a function  of 
the  duration  of  the  interstimulus  interval.  Position 
perturbation  (Y)  of  0 min  (control  data):  •'s; 

4 min,  x's;  8 min,  o'sj  l6  min,  A’s. 
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GROUP  MOVEMENT  RESPONSES 
(per  cent ) 


0 17  33  50  67 


INTERSTIMULUS  INTERVAL  (meec) 


Fig.  8.  Percentage  of  group  movement  responses  as  a function  of 
the  duration  of  the  interstimulus  interval.  Element 
spacing  (X)  of  1 deg  (control  data):  e’s;  l6  min,  a's; 
8 min,  o'sj  4 min,  x's. 
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GROUP"  MOVEMENT  RESPONSES 
(parcent) 


Fig.  9. 


Percentage  of  group  movement  responses  as  a function  of 
the  duration  of  the  interstimulus  interval.  Periodic 
spacing  (control  data):  •'ss  aperiodic  spacing:  o's. 
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smaller  spacings  (smaller  values  of  X) • For  example,  as  shown 
in  Fig.  7,  for  an  ISI  of  1?  msec  the  point  on  the  4’  spacing 
function  lies  above  the  corresponding  point  on  the  8'  spacing 
function,  which  in  turn  is  above  the  16*  spacing  fiinction.  The 
increase  in  the  percentage  of  group  movement  responses  occiirred 
only  for  short  and  intermediate  ISI's  because  subjects  already 
reported  group  movement  nearly  100  i)ercent  of  the  time  at  long 
ISI's  even  with  the  1°  spacing  (control  condition).  Consequently, 
the  interaction  of  ISI  and  spacing  is  also  significant  CF(12,  60) 

= 10.06,  £ < 0.0001]. 

Each  function  in  Fig.  8 shows,  for  a single  position 
perturbation,  Y,  the  mean  percentage  of  group  movement  responses 
as  a function  of  ISI.  Each  point  on  a curve  is  based  on  6o 
responses,  ten  from  each  of  six  subjects.  As  in  previous  experi- 
ments, a repeated  measures  analysis  of  variance  of  the  percentage 
of  group  movement  responses  obtained  from  each  subject  showed  a 
significant  main  effect  of  ISI  [P(4,  20)  = 46.33,  £ < 0.0001]. 

In  general,  the  larger  the  position  perturbation  the  greater  was 
the  percentage  of  group  movement  responses.  This  trend  was 
verified  by  a significant  main  effect  of  position  perturbation 
(magnitude  of  Y)  [F(3i  15)  = 34.38,  £ < 0.0001].  For  example, 
the  16*  position  perturbation  function,  with  the  exception  of 
one  point,  falls  above  the  8*  perturbation  function  at  the 
shorter  ISI’s.  The  8’  perturbation  function,  in  turn,  falls 
above  the  4*  pertvirbation  function.  The  increase  in  the 
percentage  of  group  movement  responses  occurred  only  for  short 
and  intermediate  ISI's  because  subjects  already  reported  group 


movement  on  nearly  100  percent  of  the  trials  at  long  ISI's  even 
with  a zero  position  perturbation  (the  control  condition). 
Consequently,  the  interaction  between  ISI  and  position  perturba- 
tion is  also  significant  CF(12,  60)  = 12.66,  p < O.OOOl^* 

The  dashed  function  in  Fig.  9 represents  the  data  for  the 
control  conditions  in  which  Z (see  Fig.  6C ) was  equal  to  1°;  the 
solid  function,  data  for  the  aperiodic  spacing  condition  in 
which  Z was  equal  to  1°  40' . The  control  and  aperiodic  spacing 
functions  are  nearly  alike.  This  means  that  the  effect  of 
Introducing  an  aperiodicity  into  one  of  the  frames  of  the  display 
was  minimal.  At  long  ISI's  the  experimental  function  shows  a 
somewhat  lov/er  percentage  of  group  movement  responses  than  does 
the  control  function.  A repeated  measures  analysis  of  variance 
of  the  percentage  of  group  movement  responses  obtained  from  each 
subject  showed  that  the  small  effect  of  aperiodic  spacing  was 
statistically  significant  CF(1,  5)  = 10.  l4,  p < 0.02].  It  is 
important  to  note  that  the  small  effect  of  aperiodic  spacing  is 
in  a direction  opposite  that  produced  by  position  perturbations 
of  the  overlapping  lines  and  cannot  account  for  the  effect  of 
the  position  perturbations.  As  usual,  the  main  effect  of  ISI 
was  significant  CF(4,  20)  = 44.01,  p < 0.001].  The  interaction 
of  ISI  and  aperiodic  spacing  was  not  significant  [F(4,  20)  = 

0.57,  p > 0.05]. 

The  major  results  of  the  element-group  experiments  in  which 
spatial  variables  were  manipulated  can  be  summarized  as  follows: 
(1)  group  movement  sensations  predominate  over  element  movement 
sensations  for  long  inter stimulus  intervals;  (2)  at  short 
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interstimulus  intervals,  the  element  movement  sensation 
predominates  provided  that  the  elements  of  each  frame  are  spaced 
far  enough  apart  and  the  overlapping  lines  of  each  frame  are 
matched  closely  in  position  and  orientation;  otherwise  the  group 
movement  sensation  predominates;  and  (3)  a break-up  (within 
limits)  of  the  spatial  periodicity  of  the  elements  of  one  frame 
has  a relatively  small  effect  on  the  proportion  of  element  and 
group  movement  sensations.  In  the  next  section  we  show  how  it 
is  possible  to  account  for  the  effects  of  the  spatial  variables 
under  the  assumption  that  the  mechanisms  underlying  the  element 
and  group  movement  sensations  are  the  sustained  and  transient 
visual  channels,  respectively.  Given  this  interpretation,  it  is 
possible  to  use  the  results  of  the  element-group  experiments  in 
which  intensity  and  contrast  variables  were  manipulated  to 
specify  yet  unknown  properties  of  the  sustained  and  transient 
visual  channels. 
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The  Sustained-transient  Channels  Hypothesis  as  an 


Explanation  of  Element-group  Ex-periments 
The  spatial  variations  of  intensity  in  a horizontal  direction 
across  each  of  the  stimulus  frames  (with  a line-element  spacing  of 
1°)  of  the  element-group  display  can  be  analyzed  into  their 
Fourier  components.  Each  frame  has  a high  concentration  of 
energy  in  a sinusoidal  component  whose  half  period  corresponds  to 
the  distance  between  the  end  lines  of  each  frame,  i.e.,  a 
sinusoidal  component  of  0.25  c/deg.  This  component  is  due  to 
the  intensity  of  the  lines  acting  as  a group  or  "blob"  on  an  j 

otherwise  dark  background.  Its  spatial  frequency  is  optimal  for 
stimulating  the  transient  visual  channel.  Each  frame  also  has  a 
large -amplitude  component  whose  spatial  period  corresponds  to  the 
distance  between  adjacent  lines  in  each  frame  (i.e.,  a sinusoidal 
component  of  1 c/deg) , as  well  as  large-amplitude  components 
whose  spatial  frequencies  are  whole  number  multiples  of  the 
1 c/deg  component.  The  spatial  frequency  components  of  1 c/deg 
and  greater  are  due  to  the  individual  lines,  and  their  location 
in  the  spatial  frequency  spectrum  is  optimal  for  stimulating  the 
sustained  visual  channel.  When  the  frames  are  alternated  at  a 
slow  rate  with  a relatively  long  ISI , the  transient  visual  channel 
will  respond  strongly  and  pass  the  low  spatial  frequency  component 
(0.25  c/deg)  of  each  frame.  Consequently,  the  three  lines  will 
be  perceived  as  a group.  On  the  other  hand,  when  the  frames  are 
alternated  at  a fast  rate  with  a short  ISI,  there  is  ample 
opportunity  for  the  sustained  mechanisms  to  integrate  the 
stimulation  produced  by  the  overlapping  lines  of  the  two  frames. 
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The  overlapping,  individual  lines  would  be  separated  from  the 
group  and  perceived  as  stationary  because  the  sustained  channels 
respond  best  to  the  high  spatial  frequency  components  of  each 
frame  (components  with  spatial  frequencies  ^ 1 c/deg). 

Next  consider  the  effect  of  element  spacing  on  the 
proportion  of  element  and  group  movement  responses.  If  the 
separation  between  the  lines  of  each  frame  is  decreased,  frequency 
components  whose  spatial  period  derives  from  the  decreased 
distance  between  adjacent  lines  become  so  high  that  they  become 
less  effective  stimuli  for  the  sustained  mechanisms.  For  example,  I 

when  the  element  spacing  is  reduced  from  1°  to  , as  in  the 
experiment  described  earlier,  the  spatial  frequencies  of  the 

components  with  large  amplitudes  which  are  due  to  the  distance  > 

between  adjacent  lines  will  increase  from  1,  2,  3»  • • • c/deg  to 

15i  30,  ^5i  • • • c/deg.  The  lines  as  a group,  however,  would 

still  contain  enough  power  at  low  spatial  frequencies  to  stimulate 

the  transient  channel.  Therefore,  one  would  expect  to  obtain  a 

greater  proportion  of  group  movement  responses  as  element  spacing 

is  decreased,  an  effect  which  was  observed.  Furthermore,  slight 

perturbations  in  the  positions  or  orientations  of  the  lines  of 

one  frame  which  overlapped  the  lines  of  the  other  would  cause 

different  high  spatial  frequency  mechanisms  (sustained  mechanisms) 

to  respond  to  the  overlapping  lines,  but  would  have  very  little 

effect  on  the  response  of  low  spatial  frequency  mechanisms 

(transient  mechanisms).  If  the  sustained  mechanisms  v/hich  respond 

to  the  overlapping  lines  are  not  the  same,  then  their  effects 

would  not  be  integrated  and  the  peak  response  of  the  sustained 
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mechanisms  would  be  lessened.  Therefore,  one  would  expect  the 
orientation  and  position  perturbations  to  increase  the  proportion 
of  group  movement  responses,  again  an  effect  which  was  observed. 


If  it  is  accepted  that  sustained  and  transient  channels 
underlie  the  element  and  group  movement  sensations,  respectively, 
then  the  other  element-group  experiments  with  dots  suggest  that 
the  sustained  and  transient  channels  have  the  following  additional 
properties:  Relative  to  the  sustained  channel's  response,  the 
transient  channel's  response  to  the  spatial  contrast  of  the 
elements  of  the  frames  of  a spatiotemporal  display  increases 
(1)  as  the  interval  between  the  frames  of  the  display  is 
increasingly  illuminated,  (2)  as  the  spatial  contrast  of  the 
frames  is  reduced,  or  (3)  as  the  level  of  light  adaptation  is 
raised. 

It  is  possible  to  generalize  the  present  results  to  other 
phenomena  in  which  interactions  between  sustained  and  transient 
mechanisms  are  assumed  to  play  a key  role.  For  example, 

Breitmeyer  and  Ganz  (1976)  have  suggested  that  metacontrast  is 
the  result  of  inhibition  of  the  sustained  channel's  response  to 
a test  target  by  the  transient  channel's  response  to  masking 
stimuli  flanking  the  test  target . On  the  basis  of  the  present 
results  it  would  be  expected  that,  other  things  being  equal, 
metacontrast  would  increase  (1)  as  the  interval  between  the  test 
and  masking  stimuli  is  increasingly  illuminated,  (2)  as  the 
contrast  of  the  test  and  masking  stimuli  are  both  reduced  at 
near-threshold  levels,  or  (3)  as  the  level  of  light  adaptation 
of  the  observer  is  raised.  That  there  is  considerable  promise  in 
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such  generalized  predictions  is  demonstrated  by  the  fact  that 
the  res\’lts  of  the  present  experiment  on  position  pert’xrbati ons 
can  already  be  used  to  explain  a metacontrast  experiment  conducted 
by  Stoper  and  Banffy  (1977) • Stoper  and  Banffy  employed  a 
display  in  which  two  vertical,  flanking  lines  masked  a central, 
vertical  test  line.  The  masking  lines  followed  the  test  line  in 
time.  Stoper  and  Banffy  found  that  the  masking  effect  was 
substantially  reduced  or  even  eliminated  if  two  preconditioning 
lines  which  were  identical  in  shape  and  position  to  the  flanking 
lines  were  presented  before  the  test-mask  sequence  and  remained 
on  until  the  onset  of  the  flanking  (masking)  lines.  Presumably, 
sustained  mechanisms  integrated  the  stimulation  produced  by  the 
preconditioning  lines  and  the  masking  lines  and  inhibited  the 
transient  channel’s  response  to  the  masking  lines,  a necessary 
requirement  for  metacontrast.  In  the  same  way  that  perturbations 
of  the  positions  of  the  overlapping  lines  facilitated  the  transient 
channel's  response  to  the  frames  of  the  element-group  display, 
perturbations  of  the  positions  of  the  preconditioning  lines  in 
Stoper  and  Banffy' s experiment  would  be  expected  to  facilitate 
the  transient  channel's  response  to  the  masking  lines  and  result 
in  greater  metacontrast.  Stoper  and  Banffy  employed  such  a 
manipulation  and  obtained  the  result  predicted  here. 
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Perception  of  a Moving  Cluster  of  Elements  on  a 
Cluttered  Background 

Perceptual  grouping  of  elements  in  a dynamic,  visual  display 
can  be  demonstrated  to  depend  upon  global  form  information.  One 
example  of  a display  that  has  been  used  to  demonstrate  the  role 
of  global  form  information  is  as  follows: 

Line  segments  are  positioned  randomly  (0.5  density)  in  the 
cells  of  a 20  X 25  imaginary  array  (see  Fig.  10).  In  a given 
pattern  the  elements  (indicated  by  B's  in  Fig.  10)  which  are 
used  to  fill  a small  subset  (3  x 10  cell  area)  of  the  entire 
array  differ  from  background  elements  (indicated  by  A's  in  Fig. 

10)  in  the  remainder  of  the  array.  The  A elements  might  be 
vertical  line  segments,  and  the  B elements,  horizontal  line 
segments.  A second  pattern  is  generated  in  the  same  way  except 
that  the  position  of  the  3 x 10  cell  subset  (cluster)  is  changed 
(see  Fig.  11).  When  the  two  uncorrelated  patterns  of  line 
segments  are  alternately  presented  at  a rapid  rate,  subjects  see 
the  cluster  of  horizontal  line  segments  moving  in  toto  back  and 
forth.  Because  the  pairings  of  point-for-point  intensities  of  the 
stimulus  frames  are  random  no  matter  how  the  two  patterns  are 
aligned  with  one  another,  and  because  there  is  no  average 
brightness  difference  between  the  cluster  and  background  areas 
of  each  frame,  the  perceived  segregation  and  movement  of  the 
cluster  must  depend  upon  global  form  information  present  in  the 
successively  presented  patterns.  Some  type  of  form  or  feature 
processing  must  occur  at  a site  prior  to  or  concurrent  with  the 
generation  of  the  cluster  movement  signal. 
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Fig.  10.  A schematic  representation  of  the  spatial  arrangement 
of  the  elements  in  one  of  two  stimulus  patterns 
required  to  generate  global  stroboscopic  movement. 

See  text  for  explanation. 


The  apparent  movement  of  the  cluster  disappears  (adapts)  if 
the  display  is  viewed  continuously  and  the  frames  are  alternated 
at  a rapid  enough  rate.  When  the  movement  sensation  stops,  the 
patterns  appear  only  to  flash  "on"  and  "'off,"  and  oftentimes  the 
cluster  fragments;  i.e.,  the  elements  comprising  the  cluster  no 
longer  appear  to  cohere  together.  The  length  of  time  that  a 
particular  sequence  of  frames  can  be  viewed  before  the  cluster 
movement  sensation  ceases  (hereafter  termed  fragmentation  time) 
was  used  as  a dependent  variable  in  the  studies  described  in  the 
following  sections  in  order  to  gain  some  insight  into  the 
mechanisms  responsible  for  the  perceptual  grouping  of  elements. 


Cluster  Moveroent  Experiment  I;  Element  Orientation 


The  psychophysical  contrast  threshold  for  a stationary 
sinusoidal  grating  varies  as  a function  of  the  orientation  of 
the  grating;  i.e.,  the  threshold  data  with  static  gratings  demon- 
strate that  the  human  visual  system,  or  at  least  the  sustained 
visual  channel,  is  anisotropic  (see  Pantle  [197^3  for  a summary). 
The  first  cluster  movement  study  was  designed  to  determine 
whether  the  global  form  process  responsible  for  cluster  formation 
and  movement  was  anisotropic. 

Method 

Subjects.  Nine  subjects,  eight  with  normal  vision  and  one 
optically  corrected  astigmat , served  in  the  experiment  in  partial 
fulfillment  of  course  requirements.  All  subjects  were  naive 
with  respect  to  the  purpose  of  the  experiment,  and  none  were 
experienced  psychophysical  observers. 

Stimuli . All  stimuli  were  generated  in  advance  of  the 
experiment  and  were  stored  on  a disk  by  a POP  ll/lO  computer. 

They  were  subsequently  displayed  on  the  face  of  an  oscilloscope 
coated  with  a rapid-decay  phosphor  (P31)  t)y  the  same  computer. 

Sequences  of  stimulus  frames  of  the  type  described  on  page 
52  were  viewed  binocularly  and  without  a fixation  point  from  a 
distance  of  103  cm.  At  this  distance  one  of  the  arrays  (18  x 22) 
subtended  a visual  angle  of  8°  l4'  vertically  and  11°  6' 
horizontally.  Individual  line  segments  in  each  array  subtended 
3'  40"  in  width  and  20'  3"  in  length.  The  cluster  of 
differently  oriented  line  segments  subtended  4°  vertically  and 
1°  20'  horizontally;  the  distance  between  the  edges  of  the 


cluster  in  the  two  frames  (see  Figs.  10  and  11)  was  3°  17’. 

Three  sets  of  stimuli  were  constructed  for  the  present 
experiment.  Each  set  was  composed  of  two  pairs  of  random-line 
patterns.  Each  pair  of  patterns  was  used  for  a different  stimulus 
sequence,  and  it  differed  from  the  other  pair  only  in  terms  of 
t}te  particular  positions  of  its  randomly  placed  elements.  Two 
pairs  of  patterns  were  constructed  for  each  stimulus  set  so  that 
any  obtained  differences  between  stimulus  sets  could  not  be 
attributed  to  the  peculiarity  of  any  unique  array  or  pair  of 
arrays.  Half  of  the  subjects  in  the  present  experiment  always 
viewed  one  pair  of  frames  from  each  set,  while  the  remaining  half 
of  the  subjects  always  viewed  the  alternative  pair.  Each  of  the 
sets  of  stimuli  is  described  here:  (1)  The  cluster  was  composed 
of  vertically  oriented  line  segments,  while  the  background  was 
composed  of  horizontally  oriented  line  segments  (VH  condition) . 

(2)  A cluster  composed  of  horizontal  line  segments  was  positioned 
on  a background  of  vertically  oriented  line  segments  (HV  condition) . 

(3)  The  cluster  was  constructed  from  line  segments  oriented  45° 
counterclockwise  from  vertical,  whereas  the  background  was 
constructed  from  line  segments  oriented  45°  clockwise  from 
vertical  (OB  condition). 

Procedure . Subjects  served  in  one  practice  session  and 
three  experimental  sessions,  each  conducted  on  a different  day. 
During  the  practice  session,  each  subject  observed  the  apparent 
movement  of  the  cluster  that  resulted  from  the  alternation  of 
the  two  stimulus  frames  of  a pair.  Additionally,  each  subject 
made  some  judgments  about  the  perceptual  fragmentation  of  the 


cluster  that  typically  occurs  after  prolonged  viewing.  Similar 
practice  was  conducted  at  the  beginning  of  each  experimental 
session. 

Each  experimental  session  consisted  of  12  trials,  which 
resulted  from  the  combination  of  one  pair  of  stimuli  from  each 
of  the  three  stimulus  sets  described  above  with  each  of  four 
frame  durations  (83(  117,  183,  26?  msec).  The  ISI  (6?  msec) 
between  the  alternating  frames  remained  constant  throughout  the 
experiment.  During  each  session  the  order  of  trials  was 
randomly  determined  with  the  constraint  that  neither  the  same 
stimulus  pair  nor  the  same  frame  duration  v/as  repeated  on  two 
successive  trials. 

On  each  individual  trial  the  subject  sat  facing  the 
oscilloscope  screen  with  his  right  hand  resting  on  the  keyboard 
of  a teletype  connected  to  the  computer.  The  computer  was 
programmed  so  that,  once  a trial  had  begun,  any  signal  from  the 
teletype  would  terminate  the  trial  and  automatically  record  the 
trial's  duration.  On  each  trial,  the  subject  viewed  the 
alternating  stimulus  frames  of  a given  condition  until  the 
apparent  movement  ceased  or  the  cluster  perceptually  "fragmented." 
At  this  point  the  subject  pressed  a key  on  the  teletype  in  order 
to  terminate  the  trial.  The  duration  of  the  trial  recorded  by 
the  computer  represented  a single  estimate  of  the  subject's 
"fragmentation  time"  for  that  particular  stimulus  pair.  That  is, 
the  duration  recorded  by  the  computer  was  the  amount  of  time  it 
took  for  the  subject  to  report  that  the  apparent  movement  of  the 
cluster  had  ceased  or  that  the  cluster  had  perceptually  fragmented. 
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Results  and  Discussion 

The  results  of  the  optically  corrected  astigmat  differed 
qualitatively  from  the  results  of  the  rest  of  the  group. 

Therefore,  her  results  are  considered  separately.  For  the  eight 
normal  observers,  there  appeaired  to  be  no  systematic  differences 
in  fragmentation  time  between  the  two  stimulus  pairs  which 
comprised  each  stimulus  set.  Therefore,  the  following  results 
are  collapsed  across  the  two  pairs  within  each  stimulus  set. 

At  the  conclusion  of  the  experiment,  each  subject  had  given 
three  estimates  of  the  cluster  fragmentation  time  for  each 
stimulus  set  and  frame  duration.  From  each  set  of  three 
estimates  yielded  by  each  subject  in  each  experimental  condition, 
the  median  score  was  determined  and  taken  as  the  estimate  of  each 
subject's  fragmentation  time.  Each  curve  in  Fig.  12  shows,  for 
a single  stimulus  set,  mean  cluster  fragmentation  time  as  a 
function  of  frame  duration.  Each  point  on  a curve  is  the  average 
of  the  individual  median  estimates  of  cluster  fragmentation  time 
of  the  eight  normal  observers.  For  each  function,  fragmentation 
time  increased  with  increases  in  frame  duration.  A repeated 
measures  analysis  of  variance  of  the  median  fragmentation  times 
demonstrated  a significant  main  effect  of  frame  duration 
[F(3,  21)  = 20.28,  p < 0.0001]. 

The  main  effect  of  stimulus  set  (HV,  VH,  and  OB)  was  also 
significant  [F(2,  l4)  = 25.79.  P < O.OOOl].  As  shown  in  Fig. 

12,  for  each  frame  duration  fragmentation  time  was  longest  for 
the  VH  stimuli  and  shortest  for  the  OB  stimuli.  The  fragmentation 
times  of  the  HV  stimuli  were  shorter  than,  but  relatively  close 


59 


FRAGMENTATION  TIME  (sEc) 


6 0 120  ISO  2 70 
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Fig.  12.  Fragmentation  time  as  a function  of  frame  duration 
VH  frames:  •'s;  HV  frames:  A’s;  OB  frames:  o's. 
Normal  observers. 


to  the  fragmentation  times  of  the  VH  stimuli.  For  every  suh.ject. 


the  fragmentation  time  for  OB  stimuli  was  found  to  be  shorter 
than  that  for  the  HV  and  VH  stimuli.  There  was  a significant 
interaction  of  stimulus  set  and  frame  duration  [F(6,  42)  = 3.59i 

£ < 0.013. 

It  can  be  concluded  that  the  form  process  responsible  for 
cluster  formation  and  movement  is  anisotropic.  The  shorter 
fragmentation  times  in  the  OB  condition  can  be  interpreted  as 
evidence  that  the  global  form  process  is  weak  v/hen  it  depends 
upon  the  processing  of  oblique  elements.  If  this  interpretation 
is  correct,  then  the  present  results  can  be  considered  to  be  a 
simple  extension  of  contrast  sensitivity  experiments  which  also 
demonstrate  a weak  response  (low  sensitivity)  to  oblique  contours. 
While  reduced  sensitivity  to  oblique  contours  is  a natural 
occurrence  in  observers  with  normal  vision,  it  is  not  a natural 
occurrence  in  astigmatic  observers.  Indeed,  Mi'^chell,  Freeman, 
Millodot,  and  Haegerstrom  (1973)  found  that  adult  observers  with 
optically  corrected  astigmatism  have  low  sensitivity  for  contours 
which  would  have  been  poorly  focused  in  childhood  due  to  their 
astigmatic  condition.  For  this  reason,  an  optically  corrected 
astigmat,  AMM,  was  included  as  a subject  in  the  first  cluster 
movement  study.  Due  to  her  astigmatic  condition  in  early 
childhood,  horizontal  contours  would  have  been  poorly  focused  on 
her  retinae. 

The  results  of  the  optically  corrected  astigmat,  AMM,  are 
shown  in  Fig.  13.  Each  point  is  the  median  of  three  separate 
estimates  of  cluster  fragmentation  time.  The  relationship  between 
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Fig.  13.  Fragmentation  time  as  a function  of  frame  duration 
VH  frames:  •'s;  HV  frames:  A’s;  OB  frames:  o’s. 
Astigmatic  observer. 


fragmentation  time  and  element  orientation  for  subject  AMM  was 

different  from  that  of  the  normal  observers  (compare  Figs.  12  and  [ | 

13).  For  subject  AMM  fragmentation  time  for  the  OB  stimuli  was  | 

consistently  longer  than  for  the  HV  stimuli,  and  at  short  frame 
durations  it  was  nearly  equal  to  the  fragmentation  time  of  the 
VH  stimuli.  Unlike  the  normal  observers,  then,  AMM's 

fragmentation  times  for  the  VH  and  HV  conditions,  which  both  i 

i 

require  a response  to  horizontal  contours,  are  not  demonstrably 
longer  than  those  in  the  OB  condition.  As  with  contrast 
sensitivity  measurements,  the  pattern  of  anisotrophy  in  the 
fragmentation  time  data  is  related  to  optical  defects  present 
in  childhood.  The  relationship  is  further  evidence  that  the 

/ 

global  form  process  is  weak  when  it  depends  upon  the  processing 
of  contoiiTs  for  which  there  is  low  sensitivity.  In  the  next 
cluster  movement  study,  we  attempted  to  manipulate  directly 
sensitivity  to  contours  in  various  orientations  to  determine  the 
effects  of  such  a manipulation  on  fragmentation  time. 
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The  contrast  threshold  for  a test  grating  can  be  elevated 
by  prior  adaptation  to  a grating  in  a similar  orientation,  but 
not  by  adaptation  to  a grating  in  a dissimilar  orientation  (see 
Pantle,  1974).  For  example,  the  contrast  threshold  for  a 
vertical  grating  is  raised  by  prior  adaptation  to  a high-contrast 
vertical  grating,  but  not  by  adaptation  to  a high-contrast  oblique 
(45°  from  vertical)  grating.  In  the  present  experiment,  the 
fragmentation  time  for  a cluster  of  horizontal  elements  on  a 
background  of  vertical  elements  was  measured  after  prior  adaptation  I 

to  an  array  of  all  vertical,  all  horizontal,  or  all  oblique 
elements.  If  adaptation  to  the  arrays  is  selective  for  orienta- 
tion, and  fragmentation  time  is  related  to  sensitivity  to  / 

contours  in  different  orientations,  then  it  would  be  expected 
that  fragmentation  times  measured  with  the  HV  test  display  would 
be  shortened  by  adaptation  to  either  the  array  of  all  vertical 
or  all  horizontal  elements,  but  not  by  adaptation  to  the  array 
of  all  oblique  elements. 

Method 

Subjects.  Eight  undergraduate  psychology  students 
participated  in  the  experiment.  Of  these,  seven  subjects  served 
in  partial  fulfillment  of  course  requirements  and  were  unpracticed 
observers.  The  eighth  subject  was  a volunteer  and  an  experienced 
psychophysical  observer.  All  of  the  subjects  were  naive  with 
respect  to  the  purpose  of  the  experiment. 

Stimuli  and  apparatus.  Since  an  adapt at ion- test  paradigm 
was  used  in  the  experiment,  sets  of  both  adaptation  and  test 
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stimuli  were  constructed.  Each  of  two  test  displays  consisted 
of  a pair  of  alternating  HV  frames  as  described  in  the  previous 
cluster  movement  study.  The  reason  for  using  two  test  displays 
was  the  same  as  in  the  previous  cluster  movement  study.  Each  of 
the  three  sets  of  adaptation  displays  consisted  of  a pair  of 
stimulus  frames,  and  they  are  described  below: 

(1)  Each  frame  was  randomly  filled  (0.5  density)  with 
horizontal  line  segments.  No  cluster  of  differently  oriented 
line  segments  was  present  (all-H  condition) . 

(2)  Each  frame  was  randomly  filled  (0.5  density)  with 
vertical  line  segments.  No  cluster  was  present  (all-V  condition). 

(3)  Each  frame  was  randomly  filled  (0.5  density)  with 
oblique  (45°  clockwise  from  vertical)  line  segments.  No  cluster 
was  present  (all-0  condition). 

Viewing  conditions,  spatial  subtense  of  each  display  and 
its  elements,  luminous  intensity  of  the  line  segments,  and  the 
apparatus  for  presenting  the  test  and  adaptation  displays  were 
the  same  as  in  the  last  cluster  movement  study.  Stimulus  duration 
varied  as  a condition  of  the  experiment,  but  ISI  remained  constant 
at  67  msec . 

Procedure . Four  of  the  eight  subjects  viewed  only  the 
first  HV  pair  of  test  stimuli,  while  the  other  four  subjects 
viewed  only  the  second  HV  pair.  Each  subject  served  in  four 
experimental  sessions,  the  first  of  v/hich  was  devoted  to 
practicing  the  procedure  of  reporting  the  perceptual  fragmentation 
of  the  apparently  moving  cluster  with  the  HV  stimuli.  In  addition, 
some  practice  trials  were  preceded  by  the  presentation  of  one  of 
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the  pairs  of  alternating  adaptation  stimuli.  Thereafter,  the 
first  few  minutes  of  each  experimental  session  were  devoted  to 
practicing  the  cluster  fragmentation  judgments  under  both 
adaptation  and  no-adaptation  (control)  conditions. 

After  the  termination  of  the  practice  trials,  each  experi- 
mental session  consisted  of  12  trials  which  resulted  from  the 
combination  of  each  of  three  frame  durations  (117,  183*  and  26? 
msec)  with  each  of  foxir  conditions  of  adaptation  (all-H,  all-V, 
all-0,  and  control  [no  adaptati on3) . Within  a single  experi- 
mental session,  trials  were  randomly  presented  with  the  constraint 
that  neither  the  same  condition  of  adaptation  nor  the  same 
stimulus  duration  was  presented  on  any  two  successive  trials. 

On  each  control  trial,  a subject  viewed  the  alternating 
KV  display  until  perceptual  fragmentation  of  the  apparently 
moving  cluster  occurred,  at  which  time  he  terminated  the  trial 
oy  pressing  a key  on  the  computer  teletype.  The  computer  recorded 
the  trial  duration  (fragmentation  time).  On  adaptation  trials, 
each  subject  first  viewed  one  of  the  three  adaptation  displays 
for  10  sec.  After  10  sec,  the  adaptation  frames  were  replaced 
v/ithout  delay  with  the  test  display  (alternating  HV  frames).  As 
in  control  trials,  the  subject  viewed  the  HV  display  until  the 
cluster  appeared  to  fragment  or  cease  moving,  at  which  point  he 
pressed  a key  on  the  computer  teletype.  On  the  adaptation  trials, 
the  computer  recorded  the  time  that  the  fIV  display  was  presented 
before  the  subject  pressed  the  key  on  the  teletype  (fragmentation 
time).  Each  subject  completed  three  replications  of  the  total 
set  of  12  trials. 
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Results  and  Discussion 

For  the  eight  subjects  there  were  no  systematic  differences 
in  fragmentation  time  between  the  two  HV  test  displays.  Therefore, 
the  results  were  collapsed  across  the  two  HV  displays.  For  each 
experimental  condition  (i.e.,  combination  of  a single  stimulus 
duration  and  a single  condition  of  adaptation) , each  subject 
provided  three  estimates  of  the  cluster  fragmentation  time.  Of 
these  three  estimates,  the  median  score  was  selected  as  the  best 
estimate  of  fragmentation  time  for  a particular  condition.  Thus, 
each  subject's  performance  was  represented  by  a set  of  12  medians — 
one  for  each  experimental  condition. 

The  solid  curve  in  Fig.  shows,  for  the  control  condition, 
the  mean  of  the  median  cluster  fragmentation  times  of  the 
individual  subjects  as  a function  of  stimulus  duration.  The  mean 
fragmentation  time  obtained  after  adaptation  to  the  all-H  display 
is  plotted  as  a point,  H,  for  each  stimulus  duration;  the  mean 
fragmentation  time  after  adaptation  to  the  all-V  display,  by  the 
V's;  and  the  mean  after  adaptation  to  the  all-0  display,  by  the 
O's.  As  in  the  previous  experiment,  there  was  a significant  main 
effect  of  stimulus  duration  CF(2,  14)  - 36. 01,  p < 0.0001]  on 
fragmentation  time.  Cluster  fragmentation  time  increased  with  an 
increase  in  frame  duration  over  the  range  of  frame  durations  used. 
The  main  effect  of  condition  of  adaptation  was  also  significant 
[F{3,  21)  = 3.93,  E < 0.05].  The  significant  effect  of  condition 
of  adaptation  is  due  to  the  fact  that  the  fragmentation  times 
were  consistently  shorter  on  adaptation  trials  than  on  control 
trials.  Hov/ever , the  size  of  the  effect  is  small  and  not  different 
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FRAME  DURATION  (msec) 


Fragmentation  time  as  a function  of  frame  duration 
after  selective  adaptation  to  orientation.  No- 
adaptation control  datai  •'sj  all-V  adaptation:  \ 
all-H  adaptation:  H's;  all-0  adaptation:  o's. 
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for  the  different  adaptation  displays.  The  most  interesting 
theoretical  aspect  of  this  result  is  the  absence  of  a difference 
in  fragmentation  time  in  the  three  different  conditions  of 
adaptation.  The  interaction  of  frame  duration  and  condition  of 
adaptation  was  not  significant  CF(6,  42)  = 0.55i  E > 0.05J. 

The  first  cluster  movement  study  suggests  that  relative 
sensitivity  to  the  elements  of  a dynamic  display  is  an  important 
determinant  of  perceptual  grouping.  However,  the  second  cluster 
movement  study  showed  that,  unlike  contrast  sensitivity 
measurements,  the  strength  of  perceptual  grouping  tendencies  is 
not  affected  by  selective  adaptation  to  orientation. 

More  than  relative  sensitivity  to  elements  must  be  involved 
in  the  strength  of  perceptual  grouping  tendencies  with  dynamic 
displays.  At  present  it  is  not  clear  what  the  exact  nature  of 
the  process  is  which  integrates  information  about  the  elements 
into  a whole  or  group.  Nonetheless,  from  a theoretical  standpoint, 
the  cluster  movement  phenomena  described  in  the  last  two  experi- 
ments are  interesting  because  it  must  be  based  on  different 
mechanisms  than  the  group  movement  sensation  studied  in  the 
element-group  experiments.  In  the  element-group  experiments  the 
group  movement  sensation  can  be  interpreted  to  be  the  result  of 
a low-pass  filter  operation  (by  transient  channels)  which  segre- 
gates the  more  intense  group  of  lines  (elements)  from  a darker 
background.  As  explained  previously,  however,  the  cluster 
movement  sensation  requires  the  processing  of  global  form  infor- 
mation, which  is  the  only  reliable  cue  for  segregating  the 
cluster  elements  from  background  elements.  From  an  applied 
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standpoint,  both  types  of  grouping  phenomena  are  important 
because  they  both  are  undoubtedly  components  involved  in  the 
perceived  organization  of  complex  scenes  and  in  specific 
phenomena  like  camouflage. 
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Research  on  the  Processing  of  Spatial  Frequency 
Information  in  Complex,  Real-life  Scenes 
Because  the  amount  of  information  which  is  provided  by  the 
peripheral  visual  system  exceeds  the  slow  processing  capacity  of 
central  mechanisms,  it  is  important  to  investigate  the  strategies 
which  are  employed  by  the  visual  system  in  encodit  5 complex 
scenes.  V/ithin  the  framework  of  the  Fotrier-analyzer  model, 
such  an  investigation  takes  the  form  of  evaluating  the  contribu- 
tions made  by  different  types  of  spatial  frequency  information 
to  a variety  of  visual  behaviors.  In  particular,  in  the  following 
sections  we  attempted  to  assess  the  relative  contributions  made 
by  the  lov/  and  high  spatial  frequency  components  of  a common  set 
of  visual  scenes  to  recognition,  judged  informativeness,  and 
visual  scanning  of  the  scenes. 

Recognition  of  Complex,  Real-life  Scenes 
Loftus  and  Bell  (1975)  have  obtained  some  evidence  which 
shows  that  the  recognition  of  a visual  scene  depends  upon  two 
types  of  information:  specific  detail  information  and  general 
visual  information.  The  two  types  of  information  are  acquired 
in  different  ways:  for  example,  coding  of  specific  detail 
information  seems  to  depend  upon  a subject's  visual  scanning  of 
a scene  while  coding  of  general  visual  information  does  not.  In 
order  to  separate  the  effects  of  the  two  types  of  information  on 
recognition  performance,  Loftus  and  Bell  used  photographs  and 
line  drawings  as  stimuli  and  relied  on  the  reports  of  subjects 
about  the  information  they  used  to  recognize  different  stimuli. 
Within  the  framework  of  the  Fourier-analyzer  model,  the  two  types 
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of  information  isolated  by  Loftus  and  Bell  may  be  equivalent  to 
the  high  and  low  spatial  frequency  components  of  the  scenes. 

Viewed  in  these  terms,  manipulation  of  the  two  types  of  informa- 
tion can  be  reduced  to  spatial  filtering,  and  the  evaluation  of 
the  influence  of  each  type  of  information  on  recognition  perform- 
ance can  be  more  precisely  defined  than  with  the  procedures 
employed  by  Loftus  and  Bell. 

Pantle  (1975)  reported  the  results  of  an  experiment  in  which 
subjects  attempted  to  recognize  spatially  filtered,  real-life 

scenes.  During  a study  phase  subjects  viewed  defocused  versions  I 

of  visual  scenes  (target  set).  During  a test  phase  the  target 
set  was  mixed  with  a set  of  additional  scenes  (null  set) 

unfamiliar  to  the  subjects,  and  they  attempted  to  identify  the  '! 

target  scenes.  The  performance  of  the  subjects  was  better  if  ! 

1 

the  scenes  presented  during  the  test  phase  were  defocused  than 
if  they  were  focused.  High  spatial  frequency  components  which 

were  present  during  the  test  phase,  but  not  during  the  study  j 

1 

phase,  impaired  recognition  performance.  While  the  finding  is  ] 

clear,  its  interpretation  is  not  straightforward. 

One  possible  interpretation  of  the  results  is  simultaneous,  ^ 

perceptual  masking.  Pantle  (197^)  found  that  the  threshold  for 
a low-frequency  (spatial)  sinusoidal  grating  was  elevated  in  the 
presence  of  high  frequency  background  gratings.  Harmon  and 
Julesz  (1973)  demonstrated  that  the  harmonic  components  in  block 

portraits  of  human  faces  prevented  recognition  of  the  faces.  i 

In  the  experiment  by  Pantle  (1975)  or  the  recognition  of  real- 

life  scenes,  the  presence  of  high  spatial  frequency  components  , 
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during  the  test  phase  may  prevent  recognition  of  the  scenes 
because  they  mask  the  low-frequency  information  studied  by  the 
subjects.  The  low-frequency  information  v/as  the  only  information 
which  was  available  during  the  study  phase  and  upon  which 
successful  recognition  performance  could  be  based. 

A second  possible  interpretation  of  the  results  is  that  the 
high-frequency  components  of  the  focused  test  slides  add  "noise” 
to  the  memory  retrieval  process.  In  this  viev/  the  focused  slides 
simply  contain  more  information  which  is  irrelevant  to  successful 
recognition  performance  than  do  the  defocused  test  slides. 

In  order  to  decide  between  the  perceptual  masking  and 
memory  retrieval  hypotheses,  an  additional  recognition  experiment 
was  conducted.  In  this  experiment  the  decrement  in  performance 
which  resulted  from  the  addition  of  low  spatial  frequency 
components  during  the  test  phase  was  compared  to  the  decrement 
produced  by  the  addition  of  high  spatial  frequency  components. 
According  to  the  perceptual  masking  hypothesis,  the  decrement 
produced  by  the  addition  of  low-frequency  components  ought  to  be 
smaller  than  that  produced  by  the  high-frequency  components. 

This  prediction  follows  from  the  masking  hypothesis  because 
Pantle  (1974)  has  shown  that  low  spatial  frequency  gratings  mask 
high  spatial  frequency  gratings  less  than  high  frequency  gratings 
mask  low  frequency  gratings.  The  memory  retrieval  hypothesis 
makes  no  such  prediction.  There  are  no  grounds  for  assuming 
that  the  memory  retrieval  process  is  disrupted  more  by  irrelevant 
high  spatial  frequency  information  than  it  is  by  irrelevant  low 
spatial  frequency  information  or  vice  versa. 
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Method 


Sub.iects.  The  subjects  were  65  Miami  University  under- 
graduates enrolled  in  a lower-level  psychology  course. 

Participation  in  the  experiment  was  a course  requirement. 

Materials  and  apparatus.  The  stimulus  materials  consisted 
of  three  sets  of  20  slides:  (a)  unfiltered  (U)  slides  were 
unmodified  and  focused  normally  during  presentation,  (b)  low-pass 
(L)  slides  were  unmodified  and  presented  with  the  projector  5/12 
of  a turn  out-of-focus,  and  (c)  high-pass  (H)  slides  were 
optically  filtered  leaving  only  high  spatial  frequencies  and 
were  presented  with  a focused  projector  (refer  to  Capell  [19753 
for  a description  of  the  filtering  procedures). 

The  slides  contained  pictures  of  water  (waterfalls,  lakes, 
oceans,  etc.),  architectural  structures  (homes,  large  buildings,  j 

cities,  etc.),  and  general  outdoor  scenes  (fields,  roadsides, 
etc.).  The  slides  in  each  of  the  three  sets  were  the  same 
except  for  the  mode  of  presentation:  U,  H,  or  L. 

A slide  projector  (Kodak  Carousel  custom  Model  8OOH)  set  at 
high  luminance  was  used  to  present  the  stimuli.  The  stimulus 
duration  was  controlled  by  a millisecond  timer  (Gerbrands  "300" 

Series  Digital  Model  GII68)  operating  a shutter  placed  in  front 
of  the  projector. 

The  subjects  were  seated  in  front  of  the  screen  so  as  to 
form  an  arc  yielding  an  average  viewing  distance  of  I65  cm.  At 
this  distance,  the  stimuli  subtended  a visual  angle  of  45°  4' 
horizontally  and  30°  52'  vertically. 

Procedure . A recognition-memory  task  was  used  and  consisted 
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of  two  parts;  a study  phase  and  a test  phase.  During  the  study 
phase  a subject  viewed  10  slides  one  at  a time  for  200  msecs. 

The  interstimulus  interval  was  approximately  3 secs.  The  subject 
was  instructed  to  look  at  the  center  of  each  slide,  taking  in  as 
I much  of  the  picture  as  possible  without  concentrating  on  any 

particular  portion  of  the  slide.  A 2-min  retention  interval 
; followed  the  study  phase. 

During  the  test  phase  20  slides  were  presented  one  at  a time 
for  5 secs.  The  interstimulus  interval  was  a blank  v/hite  field 

1 

which  lasted  5 secs.  Ten  of  the  test  slides  v/ere  those  presented 
diiring  the  study  phase  (target  slides)  and  10  were  new  slides 
(lures)  of  the  same  type  of  object  or  scene  as  the  target  slides. 

The  subject's  task  was  to  determine  whether  or  not  each 

I 

slide  was  a target  slide  seen  during  the  study  phase.  The 
subject  recorded  his  response  using  a six-point  confidence  rating 

scale  ( , — , +,  ++,  +++).  The  scale  indicates  both  whetlier 

the  subject  thought  the  slide  was  a target  and  how  confident  he 
was  in  his  judgment.  For  example,  a "+++"  response  meant  that 
the  subject  was  very  confident  that  the  slide  v/as  a target  and  a 
" — " response  meant  that  the  slide  was  "probably  new"  or  not  a 
target  slide. 

Each  of  the  subjects  served  in  one  of  four  experimental 
conditions;  (a)  low-pass  slides  presented  during  both  study  and 
test  phases  (LL) , (b)  low-pass  slides  presented  during  the  study 
phase  and  unfiltered  slides  presented  during  the  test  phase  (LU) , 
(c)  high-pass  slides  presented  during  both  study  and  test  phases 
(HH),  and  (d)  high-pass  slides  presented  during  the  study  phase 
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and  unfiltered  slides  presented  during  the  test  phase  (HU).  Each 
subject  was  assigned  randomly  to  one  of  the  four  conditions. 

Since  the  subjects  were  not  familiar  with  filtered  slides,  a 
brief  explanation  of  what  high-  and  low-pass  filtered  pictures 
looked  like  was  given.  Before  each  phase  of  the  experiment  the 
subjects  were  told  which  type  of  slide  (U,  L,  or  H)  they  would 
see . 

The  10  target  slides  were  chosen  at  random  from  the  20 
slides  available  for  use  in  each  condition.  The  remaining  10 
slides  were  used  in  the  test  phase  as  litres.  The  slides  were 
presented  in  random  order  diiring  the  study  and  test  phases,  and 
the  same  orders  were  used  in  each  of  the  four  conditions.  Each 
of  the  four  conditions  was  run  twice.  The  random  order  of  slide 
presentation  was  different  for  the  second  presentation  of  the 
foior  conditions,  and  different  subjects  were  used. 

Results  and  Discussion 

The  dependent  measiire  was  a confidence  rating  made  on  a 
six-point  scale  ( to  +++)  where  "+++"  meant  that  the  subject 

■ i 

judged  the  stimulus  to  be  a target  (a  member  of  the  study  set) 
and  that  he  was  very  confident  of  his  judgment, 
j For  each  of  the  four  experimental  conditions,  total  response 

(confidence  rating)  frequencies  were  obtained  for  each  of  the  six 

response  categories  ( , — , -,  +,  ++,  +++)  by  summing  frequencies 

I across  subjects  and  stimuli.  The  total  frequencies  for  each 

response  type  and  condition  are  given  in  Table  1.  For  example, 
in  the  HU  condition  there  were  13  responses  to  lures  in  the  "+++" 
category;  that  is,  there  were  13  instances  where  the  subjects 
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thought  they  had  previously  seen  a stimulus  v/ith  a high  degree 
of  confidence  when  in  fact  it  was  not  in  the  original  study  set 
(i.e.,  was  not  a target  slide). 

In  order  to  plot  a receiver  operating  characteristic  (ROC) 
curve  (Green  and  Swets,  1966),  using  confidence  ratings,  it  is 
necessary  to  calculate  the  cumulative  proportion  of  responses  in 
each  of  the  six  confidence-rating  categories.  For  each  category 
the  cumulative  proportion  was  obtained  by  summing  the  frequencies 
for  a given  category  and  all  categories  above  it  (e.g.,  the 
cumulative  proportion  for  category  would  include  the 
frequencies  in  categories  and  "+++"),  and  then  dividing  by 

the  total  number  of  frequencies  in  all  categories  (see  Table  1). 

For  example,  in  the  HU  condition  Slfo  of  the  responses  to  targets 
were  in  categories  "+,”  "++,"  and  "+++,’'  whereas  hGfo  of  the 
responses  to  liires  fell  in  the  same  categories. 

Considering  each  entry  for  targets  as  analogous  to  the 
proportion  of  "hits"  in  a signal  detection  experiment,  and  each 
entry  for  the  l\ares  as  "false  alarms,"  there  are  five  points 
which  can  be  used  to  plot  an  ROC  curve  for  each  condition.  The  » 

curves  for  each  of  the  four  conditions  are  shov/n  in  Fig.  15.  The 
distance  of  each  curve  from  the  diagonal  is  a measure  of 
recognition  performance  which  is  independent  of  the  changes  in 
the  subject’s  response  criterion.  The  farther  a curve  is  from 
the  diagonal,  the  greater  was  the  ability  of  the  observer  to 
discriminate  between  targets  and  lures.  As  an  example,  it  can  be 
seen  from  Fig.  15  that  the  subjects  in  the  HH  condition  found  it 
easier  to  distinguish  targets  and  lures  than  subjects  in 
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the  HU  condition. 

The  distance  of  the  ciirve  from  the  diagonal  is  also  assumed 
to  reflect  the  difference  between  hypothetical,  subjective 
"familiarity  distributions"  for  the  targets  and  lures.  The 
farther  the  two  distributions  are  from  each  other,  the  less  likely 
it  is  that  targets  and  lures  will  be  confused.  D*.  a measure  of 
the  distance  between  the  familiarity  distributions  of  targets  and 
lures,  was  computed  for  each  condition  (Coombs,  Dawes,  and 
Tversky,  1970).  Assuming  that  the  underlying  familiarity 
distributions  are  normal  and  of  equal  variance*  five  estimates 
of  d'  (for  each  condition)  were  obtained  corresponding  to  the 
five  hit-to-false  alarm  ratios  that  were  free  to  vary.  The  five 
d's  were  averaged  to  obtain  one  d’  measure  for  each  condition, 
and  the  mean  d's  are  shown  in  Table  2.  From  this  table  it  can  be 
seen  that  the  recognition  performance  of  subjects  in  the  HH 
condition  was  greatest,  and  in  the  HU  condition,  the  poorest. 

The  fact  that  the  difference  between  the  d's  for  the  HH  and  HU 
conditions  is  greater  than  the  difference  between  the  d's  for  the 
LL  and  LU  conditions  means  that  the  addition  of  irrelevant  low- 
frequency  components  during  the  test  phase  impairs  recognition 
perfc.mance  more  than  the  addition  of  irrelevant  high-frequency 
rnTTipor-er-ts.  The  results  are  not  consistent  with  the  perceptual 
» •'•r  described  earlier.  The  slightly  greater 

r-.  r'rj'iro'5  by  the  addition  of  low-frequency  components 

. - L • if  t.hf  curves  are  symmetrical 

I . • . . f i j' , 1 ''  :ippp;-r  to  support  the 


Condition 


during  the  test  phase  may  be  interpreted  as  a bias  toward  the 
processing  of  the  low-frequency  components  of  complex  scenes. 

The  reason  for  the  bias  is  not  clear  from  the  recognition  data 
by  themselves.  However,  if  the  bias  were  due  to  an  observer's 
judgment  about  the  relative  importance  of  different  types  of 
physical  information  (e.g.,  coarse  versus  fine  detail)  in  the 
scenes,  then  informativeness  ratings  for  different  areas  of  the 
pictures  used  in  the  recognition  study  might  vary  as  a function 
of  how  the  pictures  are  spatially  filtered.  Also,  the  bias 
might  be  reflected  in  the  manner  in  which  the  spatial  frequency 
content  of  local  areas  of  the  scenes  controls  an  observer's 
scanning  behavior.  If  so,  the  scanpaths  of  observers  ought  to 
vary  as  a function  of  the  manner  in  which  the  scenes  are  spatially 
filtered.  Judgments  of  informativeness  and  visual  fixation 
patterns  for  a subset  of  the  pictures  used  in  the  recognition 
study  are  described  in  the  next  two  sections. 
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Informativeness  Ratings  for  Local  Areas  of  Complex, 

Real-life  Scenes 

In  this  study  subjects  ranked  the  informativeness  of  the 
local  areas  of  pictures  used  in  the  recognition  study.  In  order 
to  determine  how  the  rankings  were  related  to  the  spatial 
frequency  content  of  the  local  areas,  the  rankings  were  obtained  1; 

under  three  different  modes  of  presentation.  The  pictures  were 
either  unfiltered  (U) , low-pass  filtered  (L),  or  high-pass 
filtered  (H) , and  the  rankings  obtained  under  each  mode  of 
presentation  were  compared  (again,  the  filtering  procedures 
described  by  Capell  Cl975l!  were  used) . 

Method 

Subjects.  The  subjects  were  16  Miami  University  under- 
graduates enrolled  in  a perception  course.  They  were  given  extra 
credit  in  the  course  for  their  participation  in  the  experiment. 

They  were  divided  into  two  groups,  eight  subjects  to  a group. 

Materials . A subset  (10)  of  the  20  slides  used  in  the 
picture  recognition  experiment  described  in  the  previous  section 
was  used  in  the  present  study.  Viewing  conditions  (viewing  distance, 
spatial  subtense  of  the  projected  image  of  the  slides,  etc.)  were 
identical  to  those  of  the  picture  recognition  study  except  that 
a second  projector  was  used  to  superimpose  the  image  of  a grid 
transparency  on  each  projected  slide  image.  The  grid  of  lines 
divided  the  stimulus  slide  into  24  equal  areas  (bins),  4 rows  by 
6 columns.  The  bins  were  numbered  consecutively  from  1-24  starting 
in  the  left,  uppermost  bin  and  proceeding  across  and  down  the  grid. 


Procedure . The  subjects  were  tested  in  groups.  VJhen  each 


stimulus  was  presented,  each  subject  judged  the  relative 

"informativeness"  of  each  bin  in  the  grid.  The  subject  was  | 

given  a sheet  of  paper  with  the  ranks  1-24  listed  across  the  top 
and  instructed  to  place  under  each  rank  the  number  of  the 
appropriate  bin  (1-24).  Each  subject  began  with  the  four  or 
five  most  informative  bins,  then  the  foiir  or  five  least  informa- 
tive bins,  and  finally  the  remaining  bins.  The  subjects  were 
not  given  a specific  definition  of  "informativeness."  The 
subjects  were  given  approximately  4 min  to  rank  the  bins  for 
each  stimulus.  When  the  last  subject  had  completed  the  ranking 
task  for  a given  stimulus,  it  was  removed  and  the  next  one 
projected . 

/ 

One  group  of  subjects  saw  five  (set  A)  of  the  10  stimuli 
in  the  U presentation  mode  first  and  then  the  other  five  stimuli 
(set  B)  in  the  L presentation  mode.  The  second  group  of  subjects 
saw  the  five  stimuli  of  set  B in  the  U mode  first  and  then  the 
five  stimuli  from  set  A in  the  H mode.  Both  groups  of  subjects 
were  given  a 30-min  break  after  the  first  five  slides  had  been 
presented  before  they  ranked  the  second  set. 

Results  and  Discussion 

The  correlations  between  the  informativeness  rankings  for 
the  H stimuli  and  their  unfiltered  counterparts  are  shown  on 
the  right  in  Table  3.  The  correlations  were  obtained  in  the 
following  manner.  For  each  filter  version  (H  or  U)  of  a picture, 
the  average  rank  for  each  bin  was  computed  by  averaging  the  ranks 
of  the  eight  subjects.  The  averages  were  then  ranked  from  1-24 
and  the  ranks  for  the  two  filter  conditions  were  correlated. 

I 

J 
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Table  3 

Spearman  Rank  Order  Correlation  Coefficients 
for  Informativeness  Ranks 


Pictiire 

Unfiltered  with  low-pass 
filtered 

Rho 

type 

Unfiltered  with  high-pass 
filtered 

Rho 

0.21 

0.59 

0.57 

0.76 

0.88 

0.6? 

0.92 

0.72 

0.14 

0.85 

Thus,  the  correlations  on  the  right  in  Table  3 are  betv/een-group 
comparisons  and  represent  the  tendency  for  different  subjects  to 
rank  the  bins  for  H and  U versions  of  a picture  in  the  same  way. 

The  correlations  between  the  informativeness  rankings  of  H and 
U versions  of  the  same  picture  are  all  relatively  high. 

The  correlations  between  the  informativeness  rankings  for 
the  L stimuli  and  informativeness  rankings  for  their  U counter- 
parts are  shown  on  the  left  in  Table  3.  The  correlations  were 
computed  in  the  same  way  as  those  between  the  H stimuli  and 
their  counterparts.  The  correlations  are  a measure  of  the 
tendency  for  different  subjects  to  rank  the  informativeness  of 
portions  of  a L or  U version  of  a picture  in  the  same  way. 

Unlike  the  correlations  between  H and  U versions  of  a picture, 
the  correlations  between  L and  U versions  of  a picture  are  not 
consistently  high.  Only  two  of  the  correlation  coefficients 
(0.87  and  0.92)  are  as  high  as  those  for  tfie  li-U  correlations. 

The  best  explanation  of  the  entire  set  of  results  is  that 
subjects  are  biased  in  the  direction  of  using  high  spatial 
frequency  information  when  judging  bin  informativeness.  Given 
this  explanation,  the  reason  why  the  H-U  correlations  are  all 
consistently  high  is  that  both  filter  versions  contain  the  same 
high  frequency  information.  The  low  frequency  information  in 
the  U scenes  is  simply  ignored.  At  first  glance,  the  sot  of  L-U 
correlations  does  not  seem  to  support  the  high  fj-equcncy  bias 
explanation.  If  the  high  frequency  information  is  removed  from 
a picture  one  would  expect  the  ranks  of  bin  informativeness  to 
change,  and  L-U  correlations  should  be  low.  However,  this  reasoning 
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is  valid  only  if  the  low  and  high  frequency  content  of  bins 
within  a picture  is  negatively  correlated  or  not  correlated  at 
all.  In  the  case  of  pictures  with  low  L-U  correlations 
and  0.21)  this  second  assumption  appears  to  be  justified  because 
each  picture  contained  only  a few  coarse  features  with  fine 
details  distributed  widely  throughout  the  picture.  On  the  other 
hand,  if  the  low  and  high  spatial  frequency  content  of  bins 
within  a picture  is  positively  correlated,  then  the  correlations 
between  informativeness  ranks  for  L and  U stimuli  would  be  high 
( artifactually)  even  with  the  high  frequency  bias.  Due  to  their 
high  spatial  frequency  bias  subjects  would  use  high  fj-rquency 
components  to  rank  the  bins  of  U scenes.  But  th«!  r.inks  would 
not  be  different  even  if  they  wore  forced  to  rely  on  the  low 
spatial  frequency  content  of  the  bins  (as  they  were  when  shown  1 
stimuli)  since  the  low  and  high  frequency  contents  are  positively 
correlated.  Thus,  it  is  possible  to  obtain  a high  L-U  correlation 
for  a picture  even  when  subjects  use  the  high  spfvtial  frequency 
content  of  the  U picture  and  the  low  spatial  frequency  cont*>nt 
of  the  li  picture  to  rank  bin  informativeness,  i*'ovided  only  that 
the  low  and  high  frequency  contents  of  the  bins  are  positively 
correlated.  It  is  interesting  that  the  pictures  with  higlj  L-II 
correlations  (0.88  and  0.92)  had  most  (if  not  all)  of  tnoir  fine 
detail  in  regions  where  there  were  also  coarse  features  (a 
horizon  in  one  picture  and  a waterfall  in  the  otlier). 

To  summarize,  the  high  spatial  frequency  content  of  the  local 
areas  of  visual  scenes  appears  to  be  a better  predictor  of 
informativeness  than  the  low  spatial  frequency  content  of  the 


areas.  Given  that  informativeness  judgments  depend  more  on  the 
high  than  on  the  low  spatial  frequency  content  of  the  regions  of 
a scene,  it  seems  paradoxical  that  recognition  performance  would 
be  impaired  more  by  the  addition  of  low  frequency  "noise”  during 
a recognition  test  than  by  the  addition  of  high  frequency  "noise" 
(the  picture  recognition  result  described  in  the  last  section). 
Shouldn't  performance  be  impaired  more  by  information  judged  to 
be  important  or  informative?  Further  discussion  of  this  paradox 
Is  delayed  until  the  next  section  after  the  visual  scanpath  data 
are  described. 
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Visual  Scanning  of  Complex.  Real-life  Scenes  i 

Capell  (1975)  and  Pantle  (1975)  described  procedures  which  j j 

they  used  to  obtain  visual  scanning  data  from  human  subjects  as 
they  viewed  complex,  real-life  scenes.  Briefly,  scanning  data 
were  obtained  from  each  of  12  subjects  with  the  oculometer  at 
Wright-Patterson  Air  Force  Base.  Each  subject  participated  in  a 
free-viewing  task  in  which  he  simply  inspected  a real-life  scene  j 

which  was  presented  on  a screen  by  a slide  projector.  During 

the  9 sec  that  the  subject  inspected  each  stimulus,  electrical  ^ 

signals  corresponding  to  his  eye  movements  were  recorded  by  the 

oculometer.  Each  subject  saw  fifteen  pictures  selected  from  the 

set  of  20  slides  used  in  the  picture  recognition  study  described 

in  this  report.  Five  stimuli  were  presented  in  the  unfiltered  (U) 

mode;  five,  in  the  low-pass  (L)  mode;  and  five,  in  the  high-pass 

(H)  mode.  At  the  completion  of  the  experiment,  eye  movement  data 

in  the  form  of  analog  electrical  signals  were  low-pass  filtered 

with  n high-frequency  cutoff  of  4 Hz.  The  filtered  signals  were 

sampled  at  a 4o-Hz  rate  to  yield  a total  of  approximately  360 

samples  of  a subject's  fixations  per  picture.  At  this  point  the 

data  were  prepared  in  two  formats:  (1)  The  digitized  signals  (or  ■ 

samples)  were  amplified  and  fed  into  an  X-Y  plotter  to  reconstruct 

the  scanpaths  of  the  subject.  The  scale  of  the  X-Y  plots  was 

I 

adjusted  to  match  the  size  of  5 x 7 in  prints  of  the  stimulus  i 

scenes  which  the  subject  had  viewed.  The  scanpaths  were  used  as 

overlays  on  the  prints  to  determine  directly  the  points  fixated 

in  each  scene.  It  was  also  possible  to  get  some  appreciation  of  j 

the  areas  of  each  scene  fixated  most  often  by  visual  inspection 
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of  the  scanpath  data.  Fixations  tended  to  cluster  in  some  areas  i 

more  than  others.  (2)  In  order  to  obtain  a more  precise  j ' 

quantitative  estimate  of  the  percentage  of  time  that  a subject 

fixated  different  areas  of  each  stimulus  scene,  each  scene  was 

divided  into  24  equal  areas  (bins)  as  in  the  informativeness 

study.  Using  calibrated  values,  the  position  of  each  sample 

fixation  was  classified  as  being  in  one  of  the  24  bins.  The 

number  and  percentage  of  fixations  in  each  bin  was  then  readily 

determined.  ^ 

Statistical  analyses  of  fixation  data.  A subset  of  the  | 

scanning  data  collected  by  Capell  (1975)  and  Pantle  (1975)  was 
chosen  for  further  analyses  here  according  to  two  criteria. 

(1)  Scanning  data  were  selected  if  informativeness  data  were 
available  for  the  same  pictures.  (2)  The  fixation  data  were 
reliable . 

The  first  selection  criterion  was  used  in  order  to  make  it  ^ 

possible  to  correlate  eye  fixations  with  informativeness  rankings. 

The  second  criterion  was  used  in  order  to  obtain  the  best 

possible  data  for  further  analyses.  The  accuracy  and  reliability  ’ 

of  the  two  data  records  (bin  counts  and  scanpaths)  were  checked 

in  several  ways  after  it  became  apparent  that  the  two  data 

records  were  discrepant;  i.e.,  the  bin  counts  did  not  match 

v/ell  with  the  number  and/or  location  of  fixations  on  the  scan- 

paths.  Either  one  or  the  other  or  both  of  the  records  had  to 

be  unreliable.  Efforts  were  made  to  determine  the  source  of  the 

unreliability. 


The  bin  counts  for  each  subject  and  picture  ^those  chosen  by 


criterion  (1)  above]  were  compared  by  visual  inspection  to  prints 
of  each  picture  to  determine  the  reasonableness  of  the  bin 
counts.  The  data  of  one  subject  were  discarded  on  the  grounds 
that  the  majority  of  his  fixations  were  in  the  middle  of  the 
picture  irrespective  of  the  scene  being  viewed.  There  were  three 
other  cases  in  which  a subject's  data  for  a single  H or  L picture 
were  eliminated  because  the  picture  was  apparently  shown  upside 
down.  On  the  whole,  the  bin  count  data  seemed  reasonable.  While 
the  data  sets  for  some  pictixres  were  far  in  excess  of  or  short  of 
the  expected  360  samples  per  picture,  each  of  the  data  sets 
chosen  for  further  analyses  contained  approximately  360  samples. 

The  X-Y  plots  were  next  checked  for  their  accuracy  and 
reliability.  The  plots  were  first  checked  for  any  regular  overall 
shift  in  the  fixation  positions  that  could  have  been  Introduced 
due  to  a change  in  calibration  at  the  time  of  recording  or  at 
the  time  of  plotting.  Such  a change  in  calibration  would  have 
resulted  in  a consistent  tendency  for  the  plotted  points  to  move 
generally  nearer  one  edge  of  the  plot  with  each  successive  plot 
for  a given  subject.  Appreciable  shifts  were  observed  along  the 
vertical  axis  in  the  data  for  two  subjects,  as  shown  by  the  fact 
that  there  was  a tendency  for  points  to  collect  at  the  top  of 
the  picture.  When  the  X-Y  plots  were  checked  against  prints  of 
the  pictures,  oftentimes  it  appeared  that  the  subjects'  fixations 
were  reasonable  only  if  the  plots  were  shifted  relative  to  the 
prints.  Because  the  bin  counts  were  fairly  reliable  and  the 
scanpaths  v/ere  not,  it  was  assumed  that  the  problem  with  matching 
scanpaths  to  pictures  was  due  to  errors  at  the  time  of  plotting. 
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Apparently,  the  calibration  of  the  plotter  drifted  when  the 
scanpaths  were  produced.  The  X-Y  plots  were  not  used  as  a 
criterion  for  selecting  reliable  data  and  only  the  bin  count 
data  (with  the  deletions  described  above)  were  further  analyzed. 

For  each  picture  viewed  in  the  same  presentation  mode 
(either  U,  L,  or  H) , the  percentage  of  fixations  for  each  bin 
was  averaged  across  subjects.  The  averages  were  then  used  to 
determine  the  correlations  between  the  fixations  of  U stimuli 
and  their  filtered  counterparts.  The  correlations  are  reported 
in  Table  U . Both  Spearman  Rank  Order  and  Pearson  Product  Moment 
correlations  are  reported  as  there  were  some  differences  between 
them.  It  should  be  noted  that  the  correlations  in  Table  4 are 
quite  high  despite  the  fact  that  they  represent  the  agreement 
among  the  fixation  behavior's  of  different  subjects  viewing 
different  filter  versions  of  the  same  pictures.  The  Spearman 
L-U  correlations  (average  Spearman  Rho  = 0.85)  are  higher  than 
the  Spearman  H-U  correlations  (average  Spearman  Rho  = 0.68). 

The  Pearson  L-U  correlations  (average  Pearson  r = 0.71)  are  also 
higher  than  the  Pearson  H-U  correlations  (average  Pearson  r = 
0.64),  although  the  difference  is  not  as  great  as  that  between 
the  corresponding  Spearman  coefficients. 

Unlike  the  informativeness  rankings,  there  is  no  evidence 
that  high  spatial  frequency  information  guides  scanpaths  more 
than  low  spatial  frequency  information.  If  anything,  the  results 
suggcsc  that  low  spatial  frequencies  are  a better  predictor  of 
eye  fixations. 
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Table  4 

Correlations  Between  Filtered  and  Unfiltered  Versions 
of  Pictures:  Eye  Fixation  Data 


Picture 

type 

Unfiltered  with 
filtered 

low- pass 

Unfiltered  with  high-pass 
fi  Itered 

Spearman 

Pearson 

Spearman 

Pearson 

0.88 

0.74 

0.73 

0.86 

0.81 

0.56 

0.58 

0.41 

0.82 

0.71 

0.72 

0.80 

0.72 

0.73 

0.60 

0.52 

0.83 

0.79 

0.75 

0.63 

I 


I 


I 
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Fixation  and  Informativeness  Data  Compared 
In  order  to  address  more  directly  the  question  of  how  eye 
fixations  are  related  to  "Informativeness,"  the  fixation  data 
were  compared  to  the  informativeness  rankings.  For  each  picture 
viewed  and  ranked,  a Spearman  Rank  Order  correlation  between  eye 

r 

fixations  (percent  bin  count  averaged  across  subjects)  and 

averaged  ranked  informativeness  was  computed.  The  correlations 

i 

1 

\ are  shovm  in  Table  5-  The  highest  average  correlation  between 

fixation  time  and  informativeness  obtains  for  L pictures,  next 
highest  for  H pictures,  and  finally  for  U pictures.  In  other 
words,  it  appears  that  when  information  is  removed  from  a picture 

j 

there  is  more  agreement  between  what  is  looked  at  and  what  is 
considered  as  informative. 

If  there  were  a tendency  for  low  spatial  frequencies  to 
control  eye  fixations  and  a tendency  for  high  spatial  frequencies 
to  determine  informativeness  (as  suggested  in  earlier  sections), 
then  the  lowest  correlations  between  informativeness  and  fixation 
time  should  be  obtained  for  U pictures  because  both  sets  of 
frequencies  are  present  in  U pictures.  With  either  H or  L 
pictures,  the  single  set  of  spatial  frequencies  present  in  a 
picture  would  have  to  determine  both  the  informativeness  of  bins 
and  the  fixation  time  for  the  bins,  and  the  correlations  between 
informativeness  and  fixation  time  should  be  higher  than  for  U 
pictures.  If,  on  the  other  hand,  both  fixation  time  and 
informativeness  depended  upon  the  same  set  of  spatial  frequencies 
(an  assumption  not  supported  by  the  results  in  earlier  sections), 
then  the  correlations  between  fixation  time  and  informativeness 


Table  5 

Spearman  Rank  Order  Correlations  Between  Fixation 
Bin  Counts  and  Informativeness  Ranks 


Picture  type 


Unfiltered 

Low-pass  filtered 

High-pass  filtered 

0.02 

0.41 

0.52 

0.59 

0.41 

0.47 

0.73 

0.77 

0.35 

0.24 

0.40 

0.46 

0.19 

0.54 

0.41 

0.42 

0.06 

0.46 

0.64 

0.36 

Average  0.37 

0.51 

0.4l 
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would  be  as  high  for  the  U pictures  as  for  the  set  of  filtered 
pictures  that  retained  the  spatial  frequencies  determining 
fixation  time  and  informativeness. 


As  can  be  seen  in  Table  5i  "the  correlations  for  the  U 
pictures  are  generally  the  lowest  of  the  three  sets.  Moreover, 
half  of  the  correlations  for  the  U pictures  are  not  statistically 
significant  whereas  only  one  of  the  other  correlations  is  not 
statistically  significant.  Therefore,  it  can  be  tentatively 
concluded  that  fixation  time  and  informativeness  depend  upon 
different  spatial  frequency  components.  Thus,  the  direct 
comparison  of  fixation  and  informativeness  data  is  consistent 
with  the  conclusions  reached  in  the  separate  analyses  of  the 
fixation  and  informativeness  data. 
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Conclusions 


The  conclusions  summarized  in  this  section  should  be  regarded 
^as  suggestive  because  they  are  based  to  a large  extent  on  correla- 
tional data  and  the  differences  among  correlation  coefficients 
were  oftentimes  small.  Also,  the  conclusions  might  reasonably 
be  expected  to  hold  only  for  stimulus  scenes  of  the  type  studied. 
Nonetheless,  so  little  is  known  about  the  physical  variables 
which  control  the  manner  in  which  information  in  complex  scenes 
is  processed  that  the  tentative  conclusions  offered  here  may 
serve  as  valuable  starting  points  for  future  research. 

The  informativeness  study  suggests  that  the  high  spatial 
frequency  content  of  the  local  areas  of  real-life  scenes  is  a 
better  predictor  of  the  judged  informativeness  of  the  areas  than 
is  the  low  frequency  content.  The  scanning  data  suggest  that 
the  low  spatial  frequency  content  of  the  local  areas  of  real-life 
scenes  is  a better  predictor  of  the  percentage  of  time  that  a 
local  area  is  fixated  than  is  the  high  spatial  frequency  content. 

In  the  picture  recognition  experiment  it  was  found  that  the 
addition  of  irrelevant  low  spatial  frequency  content  ("noise") 
to  stimuli  during  the  test  phase  impaired  recognition  performance 
more  than  the  addition  of  irrelevant  high  spatial  frequency  content. 

The  results  of  the  picture  recognition  and  eye  fixation 
studies  appear  to  fit  together.  Low  spatial  frequency  information 
may  have  impaired  recognition  performance  more  because  the  eyes 
(and  attention?)  of  subjects  were  drawn  to  low  frequency  "blotches" 
in  scenes  during  the  test  phase,  and  consequently  proper  weight 
was  not  given  by  the  subjects  to  other  high  spatial  frequency 
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areas  which  they  had  inspected  car-efully  and  could  have  used  for 
retrieval  cues  during  the  study  phase. 

Superficially  at  least,  the  relationship  between  the  results 
of  the  informativeness  study  on  the  one  hand  and  the  results  of 
the  picture  recognition  and  eye  fixation  studies  on  the  other  is 
puzzling.  It  seems  to  make  little  sense  that  eye  fixations 
should  have  a greater  tendency  to  be  controlled  by  spatial 
components  of  scenes  (low)  which  subjects  judge  to  be  less 
important  (informative)  than  other  components  (high).  Moreover, 
it  seems  to  make  little  sense  that  frequency  components  (low) 
which  subjects  judge  to  be  less  Important  (informative)  than 
other  components  (high)  should  have  a greater  tendency  to  interfere 
with  recognition  performance  when  they  are  added  as  "noise" 
during  tests  for  recognition.  The  paradoxes  may  stem  from  the 
natvire  of  the  informativeness  task  itself,  and  the  particular 
definition  of  informativeness  which  the  subjects  adopted  for 
themselves.  In  retrospect  it  seems  logical  that  subjects  would 
base  their  ranks  on  the  amount  of  fine  visual  detail  (high  spatial 
frequency  energy)  in  the  bins  of  each  scene  because  they  were 
asked  to  rank  the  relative  informativeness  of  bins  within  the  same 
picture . Perhaps  the  low  spatial  frequency  content  of  bins  (low 
frequency  "blotches")  would  have  influenced  the  informativeness 
ranks  more  had  the  subjects  been  asked  to  rank  the  informativeness 
of  a bin  on  the  basis  of  how  much  it  would  permit  one  to  discrimi- 
nate one  scene  from  another  or  how  important  it  would  be  in  a 
later  recognition  test  with  many  different  pictures.  Given  one 
of  the  alternative  operational  definitions  of  informativeness. 
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I informative  bins  might  become  noninformative  and  vice  versa  and  i 

; the  paradox  of  why  unimportant  low  frequency  "noise"  impairs  j 

recognition  performance  more  than  important  high  frequency 
' "noise"  and  the  paradox  of  why  the  eyes  are  drawn  to  unimportant 

or  noninformative  parts  of  scenes  might  disappear . 


Research  on  Velocity  Coding 


At  present  human  psychophysical  data  are  not  adequate  for 
deciding  between  various  alternative  mechanisms  for  velocity 
coding.  Part  of  the  inadequacy  stems  from  the  fact  that  past 
studies  have  used  stimuli  whose  spatial  frequency  content  was 
unknown.  Also,  past  experiments  simply  were  not  designed  to 
test  alternative  velocity  coding  schemes. 

Hypothetical  Principles  of  Velocity  Coding 
Perhaps  the  simplest  code  for  velocity  would  be  one  in  which 
the  output  of  single  movement-sensitive  cells  increases  as 
stimulus  velocity  increased  (additive  model) . In  other  words, 
high  impulse  rates  v/ould  be  associated  with  fast-moving  stimuli; 
low  rates,  with  slow-moving  stimuli.  In  humans,  subjective 
speed  would  be  determined  by  the  absolute  level  of  the  output  of 
movement-sensitive  cells.  Movement- sensitive  cells  v/hich  possess 
the  response  characteristics  of  the  type  required  by  the  additive 
model  have  been  found  in  the  visual  systems  of  some  species. 

For  example,  Grusser  et  al.  (I968)  determined  the  relationship 
between  the  angular  velocity  of  a stimulus  and  the  average 
discharge  rate  of  movement-sensitive  cells.  Nonperiodic  stimuli 
were  moved  through  the  excitatory  receptive  field  of  each  neuron 
and  the  impulse  rate  was  measured  during  the  traversal  of  the 
receptive  field.  The  average  discharge  frequency  of  the  neurons 
increased  with  the  angular  velocity  of  the  stimulus.  The 
relationship  between  impulse  frequency  and  angular  velocity  was 
described  by  a power  function  and  it  held  over  a range  of  2-3  log 
units.  The  wide  velocity  range  over  which  response  rate  increases 
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would  seem  to  provide  an  adequate  physiological  mechanism  for 
additive  coding  of  velocity. 

V/hile  the  additive  model  is  attractive  because  of  its 
simplicity,  and  while  it  may  describe  velocity  coding  in  some 
lower  species,  there  are  a number  of  experimental  results  which 
cast  doubt  on  its  validity  for  higher  vertebrate  systems.  Unlike 
the  movement-sensitive  neurons  of  lower  species,  directionally 
selective  movement  cells  in  vertebrates  (Barlow,  Hill,  and  Levick, 
1964;  Hubei  and  V/iesel,  1965;  Ganz  and  Lange,  1973)  respond  to  a 
narrow  range  of  velocities.  The  responses  are  greatest  at  an 
intermediate  velocity  and  less  at  both  slower  and  faster 
velocities.  Moreover,  the  optimal  velocity  for  stimulating  a 
cell  varies  from  one  cell  to  the  next.  Hubei  and  Wiesel  (1965) 
report  that  the  most  effective  rates  of  movement  for  complex 
cells  of  the  cat  varied  from  0.1°/sec  up  to  about  20°/sec.  As  a 
consequence  of  their  velocity  tuning,  the  distribution  of  cells 
affected  by  a stimulus  moving  at  one  speed  will  be  different  than 
the  distribution  of  cells  affected  by  a stimulus  moving  at 
another  speed.  For  example,  a stimulus  moving  at  20°/sec  would 
maximally  excite  cells  tuned  to  a stimulus  velocity  of  20°/sec 
and  cause  little  or  no  activity  in  cells  tuned  to  a velocity  of 
l®/sec.  The  reverse  would  be  true  for  a stimulus  moving  at  l®/sec. 
As  stimulus  speed  is  changed,  the  responses  of  some  cells 
substitute  for  those  of  other  cells.  Therefore,  it  is  possible 
that  perceived  velocity  depends  upon  the  relative  activities 
among  velocity-tuned  cells,  much  like  perceived  color  depends 
upon  the  relative  excitation  of  different  cone  systems.  The 
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substitutive  model  of  velocity  perception  is  also  supported  by  a 
human  psychophysical  experiment  of  Pantle  and  Sekuler  (I968). 
They  demonstrated  the  existence  of  velocity-tuned  mechanisms  in 
human  vision  by  means  of  a detection  experiment  in  which  a 
selective  adaptation  procedure  was  employed. 


C—’T 


I Effect  of  Motion  Adaptation  on  the  Perceived  Speed  of 

Sinusoidal  Gratings 

: Even  though  physiological  studies  and  the  psychophysical 

experiment  of  Pantle  and  Sekuler  (I968)  reveal  tihe  existence  of 

I velocity-tuned  mechanisms  in  higher  vertebrate  systems,  they  do 

not  directly  demonstrate  that  velocity  judgments  and  discrimina- 
tions are  governed  by  the  substitutive  principle.  More  direct 
tests  of  the  additive  and  substitutive  models  might  be  provided 
by  psychophysical  experiments  in  which  a subject  first  adapts  to 
a moving  grating  and  afterwards  judges  the  speed  of  a moving  test  | i 

grating,  sometimes  moving  slightly  faster  than  the  adapting 
grating  and  sometimes  moving  slightly  slower.  If  it  is  assumed 
that  the  response  of  a motion-sensitive  mechanism  diminishes  with 
prolonged  stimulation  (see  Barlow  and  Hill,  I963)  , then  the  out- 
come of  the  proposed  experiment  can  be  predicted.  According  to 
the  additive  model,  the  general  loss  of  responsiveness  of 
motion-sensitive  cells  that  is  brought  about  by  adaptation  to  a 
moving  grating  ought  to  decrease  the  absolute  level  of  activity 
that  is  produced  by  a test  grating  moving  at  any  speed.  Hence, 
the  apparent  speed  of  all  test  gratings,  regardless  of  their 
actual  speed,  should  decline  following  adaptation  to  a moving 
grating.  The  substitutive  model  makes  a different  prediction. 

A test  grating  moving  at  a particular  speed  would  be  expected  to 

1 produce  activity  in  a distribution  of  velocity-tuned  mechanisms. 

z 

! Of  the  distribution  of  mechanisms  responding  to  the  test  grating 

f 

i those  tuned  to  slower  velocities  ought  to  be  adapted  most  by  an 

■ adapting  stimulus  moving  slower  than  the  test  grating.  Conse- 

t 

j quently,  adaptation  to  a slow-moving  grating  ought  to  increase 
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the  apparent  speed  of  a test  grating  moving  at  a slightly  faster 
speed.  Similarly,  adaptation  to  a fast-moving  grating  ought  to 
make  a slower  test  grating  appear  slower  than  it  really  is. 
Measurements  of  the  perceived  velocity  of  test  gratings  can  be 
made  with  a matching  technique.  The  physical  speed  of  a comparison 
grating  in  an  unadapted  area  of  the  retina  is  adjusted  until  it 
matches  the  physical  speed  of  a test  grating  in  an  adapted  area 
of  the  retina. 

Method 

The  subject's  task  was  to  adjust  the  speed  of  one  sinusoidal 
grating  (comparison  grating)  to  match  the  speed  of  a second 
sinusoidal  grating  (test  grating)  drifting  in  the  opposite 
direction.  The  matching  speed  of  the  comparison  grating  provided 
a measure  of  the  perceived  speed  of  the  test  grating.  Velocity 
matches  were  made  after  the  subject  had  adapted  to  gratings 
(adapting  gratings)  moving  at  various  speeds  and  located  in  the 
same  area  of  the  visual  field  as  the  test  grating  in  order  to 
determine  the  effects  of  velocity  adaptation  on  the  perceived 
speed  of  the  test  grating. 

The  comparison  and  test  gratings  were  generated  on  the  faces 
of  two  oscilloscopes  (Tektronix  5000  series  scopes  with  P-31 
phosphors),  one  positioned  above  the  other.  During  a test  period 
the  test  grating  was  displayed  on  the  upper  scope  and  the 
comparison  grating  was  displayed  on  the  lower  scope,  such  that 
the  test  and  comparison  gratings  were  imaged  on  the  inferior  and 
superior  retinal  areas,  respectively,  of  the  subject’s  eyes. 

During  an  adapting  period  the  adapting  grating  was  displayed  on 
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the  upper  oscilloscope,  and  the  lower  scope  was  uniformly 
illuminated . 


The  technique  described  by  Enroth-Gugell  and  Robson  (1966) 
was  used  to  generate  the  gratings.  The  speed  of  the  adapting, 
test,  and  comparison  gratings  was  the  only  characteristic  v/hich 
was  changed  during  the  course  of  the  experiment.  The  gratings 
were  equal  on  other  dimensions.  The  spatial  frequency  of  the 
gratings  was  1 c/deg.  They  subtended  2°  52'  vertically  and  3°  50' 
horizontally.  The  contrast  of  the  gratings  was  0.26,  and  their 
space-average  luminance  was  5-0  mL.  The  luminance  of  the  uniform 
field  on  the  lower  scope  during  adaptation  periods  v/as  also  5*0 
mL.  The  gratings  were  viewed  through  rectangular  holes  in  a 
cardboard  sur’round,  whose  color  approximately  matched  the  scope 
faces  and  whose  luminance  was  3*8  mL.  The  distance  between  the 
lower  edge  of  the  upper  grating  and  the  upper  edge  of  the  lower 
grating  was  2°  9' . The  subject  fixated  a point  midway  between 
the  two  edges. 

An  adaptation-test  paradigm  was  used  in  the  experiment.  The 
subject  inspected  an  adapting  grating  continuously  during  the 
initial  3 mins  of  each  experimental  session,  and,  thereafter, 
during  intervals  between  successive  test  periods.  The  adapting 
intervals  were  10  secs  long  and  they  alternated  with  the  2.0-sec 
test  periods.  The  changeover  from  the  adapting  display  to  the 
patterns  present  during  the  test  period  required  3*5  secs. 

During  the  first  0.25  sec,  the  contrast  of  the  adapting  grating 
decreased  linearly  from  0.26  to  0.0.  During  the  last  0.25  secs 
of  the  changeover  interval  the  contrast  of  the  comparison  and 
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test  gratings  increased  linearly  from  0.0  to  0,26.  During  the 
middle  3 secs,  the  contrast  of  all  patterns  was  0.0  (i.e., 
spatially  uniform) . 

The  adapting  grating  moved  at  one  of  three  different  drift 
rates — 3*7>  ^*8,  or  5*6  Hz — to  produce  three  different  conditions 
of  velocity  adaptation.  The  adapting  gratings  drifted  in  the  same 
direction  as  the  test  gratings.  In  addition,  a fourth  adapting 
condition  (control  condition)  was  used  in  which  the  adapting 
grating  was  replaced  by  a spatially  uniform  field  (5*0  mL) . 

For  each  of  the  four  adapting  conditions,  velocity  matches 
between  the  test  and  comparison  gratings  were  obtained,  using  a 
tracking  procedure.  After  each  test  period  the  subject  (using  a 
servo-device)  increased  or  decreased  the  speed  of  the  comparison 
grating  depending  upon  whether  it  had  appeared  to  move  slower  or 
faster  than  the  test  grating.  For  the  initial  test  period,  the 
speed  of  the  comparison  grating  was  set  well  above  or  below  that 
of  the  test  grating.  The  physical  speed  of  the  test  grating  was 
always  4.8  Hz,  although,  as  the  results  show,  its  apparent  speed 
depended  upon  the  subject's  condition  of  adaptation.  A tracking 
series  was  terminated  after  eight  reversals  of  the  direction  in 
which  the  subject  adjusted  the  speed  of  the  comparison  grating. 

The  mean  of  the  last  six  reversals  provided  an  estimate  of  the 
perceived  speed  of  the  test  grating.  Ten  estimates  of  the 
perceived  speed  of  the  test  grating  were  obtained  in  each  adapting 
condition  for  each  of  two  subjects  (LMP  and  PIS);  six  estimates 
for  each  of  tv/o  other  subjects  (PAJ  and  AJP)  . One  estimate  of 
perceived  speed  of  the  test  grating  was  obtained  for  each 
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adapting  condition  during  each  experimental  session.  At  least 
4 mins  elapsed  between  runs  in  the  different  adapting  conditions. 
The  order  of  presentation  of  the  four  adapting  conditions  was 
counterbalanced  for  each  subject  across  experimental  sessions. 
Results  and  Discussion 

The  results  of  the  experiment  are  summarized  in  Table  6. 

Each  of  the  first  foixr  panels  in  the  table  is  the  results  for  an 
individual  subject.  Each  of  the  first  four  panels  gives  the  mean 
and  standard  deviation  of  the  individual  estimates  of  perceived 
test  grating  speed  in  one  of  the  four  adapting  conditions.  The 
last  panel  in  the  table  gives  the  group  means  for  each  adapting 
condition  and  the  standard  deviation  of  the  means  of  individual 
subjects  about  each  of  the  respective  group  means. 

In  the  control  condition,  the  speeds  of  the  comparison  and 
test  gratings  appeared  equal  when  their  physical  speeds  were 
approximately  equal.  The  overall  average  matching  speed  of  4.9 
Hz  is,  within  the  limits  of  experimental  error,  equal  to  the 
physical  speed  of  the  test  grating.  However,  in  all  other 
adapting  conditions  (conditions  of  velocity  adaptation),  an 
apparent  speed  match  was  not  achieved  when  the  physical  speeds 
of  the  comparison  and  test  gratings  were  equal.  The  main  effect 
I of  adapting  condition  on  matching  speeds  was  found  to  be 

! significant  in  a repeated  measures  analysis  of  variance 

f 

* [£(3*  9)  = 23.33,  £ < 0.001].  In  general,  the  physical  speed  of 

I the  comparison  grating  was  slower  than  that  of  the  test  grating 

v/hen  their  perceived  speeds  matched.  This  means  that  the 
inspection  of  a moving  adapting  grating  reduced  the  apparent 
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Table  6 


Mean  and  Standard  Deviation  of  Estimates  of  Perceived 
Test  Grating  Speed  in  Different  Adapting  Conditions 


Adapting  condition 

Subject 

Control 

3.7  Hz 

4.8  Hz 

5.6  Hz 

LMP  X (N  = 10) 

4.75 

3.81 

3.42 

3.18 

S.D. 

0.33 

0.30 

0.21 

0.18 

PLS  X (N  = 10) 

4.92 

4.23 

4.24 

4.20 

S.D. 

0.29 

0.33 

0.45 

0.39 

PAJ  X (N  = 6) 

5.18 

4.45 

3.74 

3.22 

S.D. 

0.36 

0.28 

0.34 

0.26 

AJP  X (N  = 6) 

4.75 

4.13 

3.49 

3.18 

S.D. 

0.20 

0.54 

0.24 

0.30 

Overall  mean 

4.90 

4.16 

3.72 

3.45 

Overall  S.D. 

0.20 

0.27 

0.37 

0.50 
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speed  of  the  test  grating.  The  reduction  occurred  irrespective 

of  adapting  speed.  This  finding  is  consistent  v/ith  the  additive  j 

principle  of  velocity  coding,  but  not  with  the  substitutive 

principle.  Under  the  substitutive  principle  there  should  have 

been  no  reduction  in  matching  speed  in  the  4.8-Hz  adapting 

condition  and  an  increase  of  matching  speed  in  the  3.?-Hz 

adapting  condition. 

In  general,  the  magnitude  of  the  reduction  of  the  perceived 
speed  of  the  test  grating  after  adaptation  to  a moving  grating 

was  not  the  same  for  all  adapting  speeds.  The  overall,  average  H 

1 

matching  speed  was  highest  for  the  3.7-Hz  adapting  condition, 
intermediate  for  the  4.8-Hz  condition,  and  lowest  for  the  5*6-Hz 
adapting  condition.  This  trend  is  present  in  the  data  of  all 
subjects  except  PLS . The  relative  order  of  the  reductions  in 
the  perceived  speed  of  the  test  grating  is  consistent  with  either 
the  additive  or  the  substitutive  principle  of  velocity  coding. 

However,  as  described  above,  other  aspects  of  the  data  are  not 
consistent  with  the  substitutive  principle.  Under  the  additive 
principle,  one  would  expect  the  reductions  in  the  perceived  speed 
of  the  test  grating  to  be  directly  related  to  the  adapting  speed 
because  the  output,  and  consequently  the  adaptation  of  movement- 
sensitive  cells,  is  assumed  to  be  greater  for  faster  speeds.  In 
summary,  the  additive  principle  of  velocity  coding  provides  a 
better  overall  account  of  the  velocity  adaptation  results  than 
does  the  substitutive  principle. 
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Spatial  Frequency  and  Perceived  Velocity 

In  the  previous  velocity  coding  experiment  the  spatial 
frequencies  of  the  sinusoidal  gratings  whose  speeds  were  matched 
v/ere  the  same.  In  the  present  experiment  subjects  compared  the 
speeds  of  sinusoidal  gratings  of  different  spatial  frequencies. 
The  purpose  of  the  experiment  was  to  evaluate  the  influence  of 
the  spatial  frequency  of  moving  stimuli  on  their  perceived  speed. 
Method 

Subjects.  The  subjects  were  two  trained  psychophysical 
observers  who  were  paid  for  their  participation.  Both  subjects 
were  naive  with  respect  to  the  experimental  goals. 

Procedure . The  stimulus  display  was  identical  to  that  used 
in  the  previous  velocity  coding  experiment  except  that  the  test 
grating  was  a 3-c/deg  sinusoidal  grating.  The  velocity  (the 
visual  angle  through  which  a point  on  the  stimulus  moves  in  a 
second)  of  the  test  grating  was  2.5  deg/sec  which  corresponds  to 
a temporal  drift  rate  (the  number  of  periods  of  the  pattern 
moving  by  a fixed  point  in  a second)  of  7.5  Hz.  The  Method  of 
Constant  Stimuli  was  used  to  determine  that  speed  of  the 
comparison  grating  (1  c/deg)  which  appeared  equal  to  that  of  the 
test  grating.  The  test  and  comparison  gratings  were  presented 
simultaneously  (a  trial)  every  4-8  sec.  They  were  turned  on  for 
2.5  sec  inclusive  of  a 250-msec  period  during  which  the  contrast 
rose  linearly  from  zero  to  the  maximum  and  a 250-msec  period 
during  which  the  contrast  fell  linearly  from  the  maximum  to  zero. 
The  comparison  grating  was  moved  at  one  of  10  different  speeds  on 
each  trial,  and  after  each  trial  the  subject  indicated  whether  he 
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thought  the  comparison  grating  moved  faster  or  slower  than  the 
test  grating.  The  10  speeds  of  the  comparison  grating  were  1.0, 
1.8,  2.5.  3-5.  ^*5.  5-5.  6.5.  7.5.  7.8,  and  8.0  deg/sec.  The 
corresponding  temporal  drift  rates  are  numerically  equal  to  the 
speeds.  Each  of  the  comparison  speeds  was  presented  32  times 
for  a total  of  320  trials  per  subject.  Each  subject  participated 
in  eight  sessions  of  4o  trials  each.  VJithin  each  session  each 
comparison  speed  was  presented  four  times,  and  all  ten  comparison 
speeds  were  presented  n times  before  any  speed  was  presented  for 
■the  n + 1 th  time.  The  order  of  presentation  of  the  10  speeds 
within  any  10-trial  block  was  random. 

Results 

For  each  comparison  speed,  the  number  of  "faster"  responses 
was  tabulated  and  converted  to  a percent.  Because  the  results 
of  both  observers  v/ere  essentially  the  same,  the  mean  percentage 
of  "faster"  responses  was  computed  for  each  comparison  speed. 

The  means  are  shown  in  Fig.  l6 . The  figure  shows  that  the 
percentage  of  "faster"  responses  grew  monotonically  with  the 
drift  rate  of  the  comparison  grating.  It  can  also  be  seen  from 
the  figure  that  the  comparison  grating  was  judged  to  be  moving 
faster  than  the  test  grating  on  approximately  half  the  trials 
and  slower  on  the  other  half  when  its  temporal  drift  rate  was 
4.5  Hz.  This  value  is  the  point  of  subjective  equality  (PSE) 
or  matching  drift  rate.  Converted  to  a speed  measure,  the  PSE  was 
4 . 5 deg/sec . 

The  dashed  line  labeled  "temporal  frequency  match"  in  Fig. 
l6  corresponds  to  the  PSE  which  would  have  been  obtained  if  the 
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Fig.  16.  Percentage  of  faster  responses  as  a function  of  the 
drift  rate  of  the  comparison  grating.  The  arrow 
represents  the  actual  point  of  subjective  equality 
(PSE),  and  the  dashed  lines  correspond  to  the  PSE's 
based  on  a velocity  match  and  a temporal  frequency 
match,  respectively. 
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perceived  velocities  of  the  test  and  comparison  gratings  were 
equal  when  their  physical  temporal  frequencies  (drift  rates) 
were  equal.  Clearly,  temporal  drift  rate  alone  was  not  the 
basis  or  criterion  for  the  subjects'  judgments  of  perceived 
velocity  since  the  comparison  grating  was  always  judged  to  be 
moving  faster  than  the  test  grating  when  their  temporal  drift 
rates  were  physically  equal.  The  dashed  line  labeled  "velocity 
match"  in  Fig.  l6  corresponds  to  the  PSE  which  would  have  been 
obtained  if  the  perceived  velocities  of  the  test  and  comparison 
gratings  were  equal  when  their  physical  velocities  were  equal. 
Clearly,  physical  velocity  alone  was  not  the  basis  or  criterion 
for  the  subjects'  judgments  of  perceived  velocity  since  the 
comparison  grating  was  judged  almost  without  exception  to  be 
moving  slower  than  the  test  grating  when  their  physical 
velocities  were  equal.  The  actual  PSE  is  some  compromise  between 
or  combination  of  the  PSE  based  on  physical  velocity  and  the  PSE 
based  on  temporal  frequency  (or  drift  rate). 


i 


4 

The  Perceived  Velocity  of  Com'plex  Gratings 
In  the  control  (no-adaptation)  condition  of  the  first  ^ 

velocity  coding  experiment  it  was  found  that  the  perceived  speeds 
of  two  sinusoidal  gratings  of  the  same  spatial  frequency  matched 
when  their  physical  velocities  were  equal.  In  the  second 
velocity  coding  experiment  it  was  found  that  the  perceived  speed 
of  an  f grating  matched  that  of  a 3f  grating  when  the  physical 
speed  of  the  f grating  was  approximately  faster  than  that  of 
the  3f  grating:  i.e.,  the  subjective  match  was  based  on  some 

compromise  between  a physical  velocity  match  and  a physical  ( 

temporal  frequency  match.  It  is  not  clear  v/hat  would  happen  if 
subjects  matched  the  perceived  speed  of  an  f grating  with  that 
of  a complex,  f + 3f  grating.  If  the  subjects  simply  ignored 
the  3f  component,  then  the  perceived  speeds  of  the  gratings 
would  presumably  match  when  their  physical  speeds  were  equal. 

If  the  subjects  ignored  the  f component  of  the  complex  grating, 
then  the  requirements  for  a subjective  match  would  presumably  be 
the  same  as  for  the  case  when  a subject  matches  the  perceived 
speed  of  an  f grating  to  that  of  a 3f  grating,  i.e.,  the  compromise 
described  above.  If  both  components  of  the  complex  grating 
determine  its  perceived  speed,  then  the  physical  f-grating  speed 
required  for  a subjective  match  ought  to  be  somewhere  between 
the  speeds  required  for  subjective  matches  obtained  with  the  f 
and  components  alone. 

Method 

The  subjects  were  two  trained  psychophysical  observers, 

PAJ  and  CLP.  Subject  CLF  was  naive  with  respect  to  experimental 
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goals,  while  subject  PAJ  was  not.  The  stimulus  display  was 
identical  to  that  employed  in  the  previous  velocity  coding 
experiments  except  that  there  were  seven  different  test  gratings, 
two  of  which  were  sinusoidal  gratings.  One  sinusoidal  grating 
had  a spatial  frequency  of  1 c/deg  (f)  and  the  other,  3 c/deg 
(3f).  The  contrast  of  the  sinusoidal  gratings  was  0.2?.  There 
were  five  complex  test  gratings,  each  with  a 1-c/deg  fundamental 
and  a 3-c/deg  harmonic  (f  + 3f  gratings).  The  amplitude  ratio 
(f/3f)  of  the  components  of  the  complex  gratings  was  different 
for  each  of  the  five  complex  gratings:  (a)  0.27/0.09,  a 3:1  rati 
(b)  0.27/0.18,  a 3:2  ratio;  (c)  0.27/0.27,  a 1:1  ratio; 

(d)  0.18/0.27,  a 2:3  ratio;  and  (e)  0.09/0.27,  a 1:3  ratio.  The 
test  gratings  were  moved  at  one  of  three  different  velocities — 
1.0,  2.5,  and  ^.0  deg/sec.  At  these  velocities  the  corresponding 
temporal  frequencies  (drift  rates)  of  the  f grating  or  the  f 
component  of  the  complex  grating  were  1.0,  2.5,  and  4.0  Hz;  the 
corresponding  temporal  frequencies  of  the  3f  grating  or  the  3f 
component  of  the  complex  grating  were  3-0,  7-5t  and  12.0  Hz. 

Five  estimates  of  the  speed  (PSE)  of  the  comparison  grating 
( 1 c/deg)  which  was  required  to  match  the  speed  of  the  test 
grating  were  obtained  for  each  of  the  seven  test  gratings  at 
each  of  the  three  test  speeds.  The  test  and  comparison  gratings 
were  presented  simultaneously  as  in  the  second  velocity  coding 
experiment,  and  the  tracking  procedure  used  in  the  first  velocity 
coding  experiment  was  used  to  obtain  the  PSE  estimates.  A total 
of  105  PSE  estimates  (five  replications  of  the  21  test 
conditions)  was  collected  for  each  subject.  For  each  replication 


the  order  in  which  the  21  conditions  were  run  was  random. 

Results  and  Discussion 

The  results  of  the  experiment  are  shown  in  Figs.  17  and  18 
for  subjects  CLF  and  PAJ  respectively.  For  each  subject  mean 
PSE's  (in  Hz)  are  plotted  for  each  of  the  21  test  conditions. 

The  test  conditions  in  which  different  test  gratings  were 
employed  are  represented  along  the  abscissa,  with  the  two 
sinusoidal  grating  conditions  at  the  extreme  right  and  left. 

Each  of  the  three  sections  of  each  figure  contains  data  for  a 
different  test  grating  speed:  the  top  section,  data  for  a 4.0- 
deg/sec  test  speed;  the  middle  section,  data  for  a 2.5-deg/sec 
test  speed;  and  the  bottom  section,  data  for  a 1.0-deg/sec  test 
speed . 

Consider  first  the  main  effect  of  test  grating  speed.  It 
is  straightforward.  It  can  be  seen  from  the  figures  that  the 
PSE  increased  at  each  amplitude  ratio  as  the  test  velocity  was 
increased  from  1.0  to  2.5  deg/sec.  Likewise,  the  PSE's  increased 
when  the  test  velocity  was  increased  from  2.5  to  4.0  deg/sec. 

The  main  effect  of  test  grating  velocity  on  PSE  was  statistically 
significant  [F(2,  2)  = 1194.67,  p < 0.001],  and  the  relationship 
simply  means  that  the  perceived  speed  of  the  test  grating  is 
positively  related  to  its  physical  speed. 

The  main  effect  of  amplitude  ratio  was  also  significant 
[F(6,  6)  = 8.98,  p < 0.01].  Even  though  the  velocity  of  the 
test  gratings  is  constant  for  the  seven  conditions  within  each 
section  of  the  figures,  the  PSE's  change.  In  terms  of  absolute 
size,  the  differences  among  the  PSE's  may  seem  quite  small,  but 
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Fig.  17.  Point  of  subjective  equality  (PSE)  as  a function  of 
the  relative  amplitudes  of  the  spatial  frequency 
components  of  test  gratings  and  of  the  physical  speed 
of  the  test  gratings.  Physical  test  velocity  of 
1 deg/secj  e's;  2.5  deg/seci  o’sj  4 deg/sec:  a’s. 
Subject  CLF. 
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Fig.  18.  Point  of  subjective  equality  (PSE)  as  a function  of 
the  relative  amplitudes  of  the  spatial  frequency 
components  of  test  gratings  and  of  the  physical  speed 
of  the  test  gratings.  Physical  test  velocity  of 
1 deg/secj  e's;  2.5  deg/sec:  o's;  4 deg/sec:  h's. 
Subject  PAJ. 


the  differences  are  statistically  significant  and  it  must  be 
remembered  that  difference  thresholds  for  the  velocity  of 
stimuli  like  those  used  in  the  present  experiment  are  of  the 
order  of  1-2%  (Pantle,  1975)*  The  PSE's  for  the  3f’  test  grating 
were  consistently  higher  than  those  for  the  f test  grating, 
indicating  that  the  3f  test  grating  appeared  to  move  faster 
than  the  f grating.  This  result  is  a replication  of  the  findings 
in  the  second  velocity  coding  experiment.  Again,  each  of  the 
subjective  speed  matches  was  based  on  a compromise  between  a 
physical  velocity  match  and  a temporal  frequency  match.  With 
the  exception  of  the  PSE's  obtained  with  the  4.0-deg/sec  test 
speed  for  subject  PAJ,  the  PSE's  for  the  complex  gratings  are 
generally  higher  than  those  for  the  f test  grating  and  lower 
than  those  for  the  3f  test  grating.  This  result  means  that  the 
addition  of  the  third  harmonic  to  the  f test  grating  makes  it 
appear  to  move  faster,  but  not  as  fast  as  a 3f  gi'ating  moving 
at  the  same  physical  speed.  As  described  in  the  introduction 
to  this  experiment,  the  fact  that  the  PSE's  for  the  complex 
gratings  are  intermediate  between  those  for  the  f and  3f  test 
gratings  is  evidence  that  both  components  of  the  complex  grating 
determine  its  perceived  speed. 

The  increase  of  the  PSE's  caused  by  the  addition  of  a 
third  harmonic  to  the  f test  grating  did  not  appear  to  vary 
systematically  with  the  relative  contrast  of  the  third  harmonic; 
i.e.,  the  functions  in  Figs.  17  and  18  are  on  the  average 
relatively  flat  for  amplitude  ratios  from  3*1  through  1:3.  This 
result  suggests  that  the  contribution  made  by  the  temporal 


f 
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frequency  of  the  third  harmonic  to  the  perceived  speed  of  the 
complex  grating  is  relatively  independent  of  contrast  as  long  ^ 

' as  the  contrast  is  suprathreshold . 

; Pantle  (1975)  has  shown  how  the  motion  aftereffect  phenomenon 

: can  be  used  to  study  the  response  properties  of  the  transient 

t visual  channel.  The  magnitude  of  the  motion  aftereffect,  and  by 

inference  the  response  of  the  transient  channel,  has  been  found 
to  be  relatively  independent  of  stimulus  contrast  (Keck,  Paiella, 

- and  Pantle,  1976)  and  to  be  controlled  by  the  temporal  frequency  I 

of  moving  sinusoidal  gratings  rather  than  by  their  velocity  per  se 
(Pantle,  1974).  The  transient  visual  channel  has  response 
i properties  which  make  it  an  ideal  candidate  to  serve  as  the  basis 

r 

for  the  contribution  of  the  temporal  frequency  of  the  third 
harmonic  to  the  perceived  speed  of  the  complex  grating  in  the 
present  experiment.  More  generally,  the  tendency  of  suojects  to 

[ 

; use  a temporal  frequency  match  as  a criterion  for  matching  the 

i perceived  speeds  of  moving  gratings  may  reflect  the  operation  of 

the  transient  visual  channel.  If  so,  the  tendency  of  subjects 
to  use  a physical  velocity  match  as  a criterion  for  matching  the 
perceived  speeds  of  moving  gratings  must  reflect  the  operation  of 
different  mechanisms.  Whatever  the  nature  of  those  mechanisms, 
their  response  would  presumably  be  controlled  by  the  velocity  of 
moving  sinusoidal  gratings  rather  than  by  their  temporal  frequency. 
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